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Abstract

Abstract
Since the commercialization of the lithium ion battery in the 1990s, it has been
rapidly developed as a novel energy storage and conversion system. So far, the
lithium ion battery has dominated the global market for electronic devices such as
cell phones, laptops, digital cameras, and video devices. Portable power applications
continue to drive research and development of advanced battery systems. Moreover,
the rechargeable lithium ion battery is considered as the most promising power
system for electric vehicles (EVs), hybrid electric vehicles (HEVs), and plug-in
hybrid electric vehicle (PHEVs).

However, the next generation battery for electric vehicles requires a high power
system with outstanding cycle life. The current lithium ion battery systems available
are operated at low charge/discharge currents, which can not match the demands on
the next generation battery. Nanotechnology has paved the way for advanced energy
materials to achieve high power performance. Herein, we have developed a series of
nanostructured materials with the morphologies of nanorods, nanowires, and
mesoporous (2-dimensional hexagonal and 3-dimensional cubic) shapes. Also, we
have modified the surfaces of materials by using nanotechnology to prepare high
performance electrode materials, including Fe 3 O 4 /C core-shell and ZrO 2 nanolayer
coated LiFePO 4 materials.

One-dimensional materials, including Fe 2 O 3

single crystal nanorods and

polycrystalline nanowires, were synthesized by a facile hydrothermal method. These
both exhibit excellent electrochemical performance as anode materials for lithium
ion batteries. The discharge capacity of Fe 2 O 3 nanorod electrode is 763 mAh/g after
30 cycles. For Fe 2 O 3 nanowire electrode, the discharge capacity after 50 cycles is
811 mAh/g.
v

Abstract

Novel highly ordered mesoporous structure oxides (Co 3 O 4 , NiO) were obtained by
the nanocasting method (hard template). The initial discharge capacity of the cubic
mesoporous Co 3 O 4 replica was 1760 mAh/g at the testing current of 50 mA/g. After
100 cycles, the discharge capacity was still above 1200 mAh/g. Mesoporous cubic
NiO prepared from the KIT-6 template also presents excellent electrochemical
properties for lithium storage. The discharge capacity after 50 cycles is 680 mAh/g,
which is much higher than for the commercial bulk NiO (188 mAh/g). At the high
charge/discharge rate of 2 C, the discharge capacity of mesoporous NiO is 515
mAh/g with good retention. The enhancement of these mesoporous materials is
attributed to their unique mesostructure. The mesopores can act as tunnels for
electrolyte inflow, ensuring a high contact surface area between the electrode and
electrolyte. The nanosize wall thickness ensures short pathways for lithium ion
diffusion.

Core-shell structured materials were developed to achieve high electrochemical
performance. The shell structure can protect the core material from volume change
(pulverization) during the charge/discharge process. Furthermore, the coating can
enhance the thermal stability, reduce charge transfer resistance, and depress the
polarization of the electrode during electrochemical testing. Herein, Fe 3 O 4 /C coreshell and ZrO 2 nanolayer coated LiFePO 4 materials were prepared for lithium ion
batteries. From electrochemical measurements, both of them exhibit excellent
electrochemical performance for lithium storage.
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Chapter 1 Introduction

Chapter 1
Introduction
1.1 Background

Nowadays, energy consumption that relies on the combustion of fossil fuels is
causing many conflicts between nations. It is forecast that the energy crisis will have
a severe future impact on global economics, sociology, and ecology. Due to the
irreproducible properties of fossil fuels, many attempts have been carried out for
exploring novel energy conversion and storage systems, including lithium ion
batteries, fuel cells, and electrochemical capacitors [1-3]. Although the mechanisms
of these three energy storage and conversion systems are different, the common
features are that the energy providing processes take place at the phase boundary of
the electrode and electrolyte interface. Among them, the lithium ion battery has been
widely applied in numerous types of portable devices, such as mobile phones,
laptops, digital cameras, and video recorders. Moreover, the lithium ion battery is the
most promising power source for the electric vehicle (EV) or hybrid electric vehicle
(HEV). The core technology of the lithium ion battery relates to the electrode
materials. The first-generation lithium-ion battery has electrodes that are composed
of powders containing millimeter-sized particles of graphite as anode and LiCoO 2 as
cathode. Thus, the extent of lithium ion diffusion in the solid state is limited, and
hence, high rates of intercalation/de-intercalation are hindered.

Nanotechnology has been developed during the past decades in many research fields
[4]. It is the technique that works on the smallest possible length scale, atom by
atom, with the ultimate level of fitness. In the lithium ion battery, the relevant size
effects range from purely geometrical effects to effects in which the local
thermodynamics is varied [5]. However, the advantages of using nanoscale materials
-1-
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in lithium ion batteries have been presented in many review articles [6-8]. Lithiumion diffusion in host electrode materials is associated with the lithium-ion diffusion
coefficient and the diffusion length. The characteristic time for diffusion can be
represented as follows:

τ = L2/D Li

(Eq. 1.1)

where L is the lithium ion diffusion length, which is relevant to the size of the
intercalation compound particle. D Li is the lithium-ion diffusion coefficient. The time
τ for lithium ion intercalation decreases with the square of the diffusion length.
Therefore, minimizing the particle size to shorten the lithium-ion diffusion length is
an effective strategy for enhancing the rate capability of electrode materials [7]. On
the other hand, compared to the microscale materials, the nanosize materials have
higher surface area. Nanosize active materials can achieve a high contact interface
between electrode and electrolyte, and provide more sites for lithium ion diffusion.
Other unique properties of nanomaterials, such as high surface energy, fast lithium
ion dynamics, and low charge transfer resistance, are all beneficial to high power
lithium rechargeable batteries.

1.2 Innovations of this study

In this dissertation, we explore a series of technologies to synthesize nanosize
materials. Novel nanostructured materials such as 1-dimensional (nanorods,
nanowires) and highly ordered mesoporous (hexagonal, cubic) type materials have
been successfully prepared and applied as electrode materials for lithium ion
batteries. To suppress the volume changes or phase transformations during the
charge/discharge process, coating layers such as carbon and ZrO 2 were introduced to
modify the morphology of the particle surface.

-2-
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The morphologies of the above-mentioned materials have been characterized by
scanning and transmission electron microscopy (SEM and TEM). The well-defined
nanostructured materials were examined as electrodes for lithium rechargeable
batteries.

Electrochemical

measurements

were conducted

to

evaluate the

electrochemical performance of the obtained materials. The dynamics of lithium ion
diffusion in electrodes was also investigated to reveal the mechanisms behind
improvement.

1.3 Outline of this work

An outline of the content in following chapters is briefly presented:

I. A literature review on the lithium ion battery is presented in Chapter 2. In this
chapter, the conventional cathode materials (LiCoO 2 , LiNiO 2 , LiMn 2 O 4 , and
LiFePO 4 ) and anode materials (carbonaceous materials, silicon and metal
oxides) are explained in detail, including their history, state-of-the-art, and
challenges for application.
II. The

experimental

parts,

including

synthesis,

characterizations,

and

electrochemical testing methods, are introduced in Chapter 3. The synthesis
routes for one-dimensional and mesoporous oxides were based on soft template
and hard template methods. For nano-modification, the sol-gel method and
precipitate method were introduced to prepare coated materials. The theories
behind characterization methods such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), and nitrogen sorption, including BrunauerEmmett-Teller (BET) and Barret-Joyner-Halenda (BJH) analyses, are provided.
III. One-dimensional nanostructured Fe 2 O 3

materials were synthesized by

hydrothermal methods. Fe 2 O 3 nanorods were successfully prepared by using
cheap starting materials (FeCl 3 and urea), as discussed in Chapter 4. A facile
-3-
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route was introduced to synthesize polycrystalline structured Fe 2 O 3 nanowires,
which is described in Chapter 5.
IV. Highly ordered mesoporous oxides (Co 3 O 4 , NiO) were synthesized by
nanocasting technology. Chapter 6 covers the preparation of mesoporous Co 3 O 4
materials by using SBA15 and KIT6 silica templates. In Chapter 7, cubic
mesoporous NiO was obtained from 3-dimensional Ia3d KIT6 template. All the
mesoporous materials were investigated as anode for lithium ion batteries.
V. To achieve the requirements for high power lithium ion batteries, surface
modification methods were carried out on the nanoscale. In Chapter 8, a novel
core-shell structure of Fe 3 O 4 /C was prepared. In Chapter 9, a nanolayer of ZrO2
was coated on the surface of LiFePO 4 .
VI. The conclusions of this dissertation are summarized in Chapter 10. Some
challenges

and

suggestions

for

further

-4-
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presented.
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Chapter 2
Literature Review

Nowadays, gaseous emissions from the burning of fossil fuels and biomass are not
only polluting the air of big cities, but also creating global warming, with alarming
consequences. To survive the coming energy crisis, many countries are concentrating
attention once again on national initiatives to reevaluate utilization of alternative
energy sources and replacement of the internal combustion engine with a wireless
electric motor. Batteries are at the heart of the portable devices of the information
age [2, 3, 9, 10]. Despite rapid developments in portable technology, better and
cheaper versions have not yet replaced the standard large batteries used for stationary
energy storage. The lack of suitable alternatives has compromised the progress of
replacement technologies for hydrocarbon fuels. For example, growth in the use of
solar power has revealed a need for better batteries to store energy for use after the
sun goes down. The development of electric vehicles has likewise been held up. An
ordinary lead–acid battery is made from cheap and abundant, but heavy and highly
toxic materials, whereas newer nickel batteries contain toxic cadmium or scarce rareearth hydride materials. Even the more expensive lithium systems are reactive when
exposed to air. So, they all have serious flaws [11].

In the past two decades, the lithium-ion battery has become the main source of
energy for portable devices, replacing older nickel–cadmium and nickel–metalhydride varieties. Rechargeable lithium ion batteries have revolutionized portable
electronic devices. They have become the dominant power source for cell phones,
laptops, digital cameras, videos, etc., because of their superior energy density
-5-
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(capability to store 2 - 3 times the energy per unit weight and volume compare to
conventional rechargeable batteries) [11]. The worldwide market for rechargeable
lithium batteries is now valued at 10 billion dollars per annum and growing. They are
also the technology of choice for future electric vehicles or hybrid electric vehicles,
which are central to the reduction of toxic gaseous emissions arising from
transportation.

2.1 Lithium Ion Batteries and their Fundamentals

2.1.1 Brief introduction to lithium ion batteries

Lithium ion batteries are light, compact, and work with a voltage of the order of 4 V,
with a specific energy ranging between 100 Wh/kg and 150 Whk/g. The term
“lithium ion battery” was introduced by the researchers who prevailed over and
replaced the other battery model terms, such as “rocking-chair” [12], “shuttlecock”
[13], or “swing” [14] batteries. In 1990, both the Sony [15] and the Moli [16]
companies announced the commercialization of cells based on petroleum coke and
LiCoO 2 . Currently, the dominant lithium ion battery electrodes (graphite as anode
and LiCoO 2 as cathode) are still following this recipe.

Fig. 2.1 shows a typical lithium ion battery configuration and briefly explains the
working mechanism of a lithium ion battery [17]. In the most conventional structure,
a lithium ion battery contains a graphite anode (e.g. mesocarbon microbeads,
MCMB), a cathode formed by a layered structure lithium metal oxide (LiMO 2 , e.g.
LiCoO 2 ) and an electrolyte consisting of a solution of a lithium salt (e.g. LiPF 6 ) in a
mixed organic solvent (e.g. ethylene carbonate–dimethyl carbonate, EC/DMC)
-6-
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embedded in a porous polymer separator membrane [18]. The reactions of lithium
ion intercalation/ de-intercalation at the electrodes are represented as the following
equations [19]:

LiCoO 2 ↔ Li 1-x CoO 2 + xLi+ +xe-

C + yLi+ + ye- ↔ Li y C
yLiCoO 2 + xC ↔ yLi 1-x CoO 2 + xLi y C

(Eq. 2.1)

(Eq. 2.2)
(Eq. 2.3)

Fig. 2.1 Schematic diagram of a “(lithium ion) rocking- chair” cell that employs graphitic
carbon as anode and layered lithium cobalt oxide as cathode. The undergoing electrochemical
process is lithium ion deintercalation from the graphene structure of the anode and
simultaneous intercalation into the layered structure of the cathode [11].

The lithium ion battery working principle is related to the reversible extraction and
insertion of lithium ions between the two electrodes. Simultaneously, to retain charge

-7-
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neutrality in the electrodes, removal and addition of electrons occur in the outer
circuit. However, the ratio of x and y in Eq. 2.3 is up to the recipe for the electrodes
in real cells (as normally, there is anode capacity excess). Although the lithium ion
battery has a high energy density, it is a low-power device which can be used only at
low charge/discharge current. The intrinsic diffusivity of the lithium ions in the solid
state electrodes limits the rate of intercalation/de-intercalation, which is one of the
barriers to the commercialization of lithium ion batteries in electric vehicles. The
energy storage and power characteristics of electrochemical energy conversion
systems follow directly from the thermodynamic and kinetic formulations for the
chemical reactions as adapted to electrochemical reactions. These factors will be
discussed in 2.1.2 and 2.1.3.

2.1.2 Thermodynamics in lithium ion batteries [1]

Thermodynamics describes reactions at equilibrium and the maximum energy release
for a given reaction. The development of high-energy-density batteries requires the
use of high-capacity electrode materials that can also offer high cell voltages at open
circuit (V OC ). A high V OC can be achieved with negative (anode) and positive
(cathode) electrodes that have, respectively, smaller and larger work functions μ A
and μ C (Fermi energies of the anodes and cathodes). Considering only the electron
transfer between the two electrodes, a schematic energy diagram at open circuit is
presented, and the open-circuit voltage V OC of the cell is given as:

V OC = (μ C - μ A )/e

-8-
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where e is the electronic charge. Thermodynamic stability considerations also
necessitate that the Fermi energies of the cathodes and anodes lie within the band gap
E g of the electrolyte, so that no unwanted reduction or oxidation of the electrolyte
occurs. The basic thermodynamic considerations of batteries also need to be treated.
The basic thermodynamic equations for a reversible electrochemical transformation
are given as

ΔG =ΔH - TΔS

(Eq. 2.5)

ΔG° = ΔH° - TΔS°

(Eq. 2.6)

where ΔG is the Gibbs free energy, or the energy of a reaction available for useful
work, ΔH is the enthalpy, or the energy released during the reactions, ΔS is the
entropy, and T is the absolute temperature, with TΔS being the heat associated with
the organization/disorganization of materials. The terms ΔG, ΔH, and ΔS are state
functions and depend only on the identity of the materials and the initial and final
states of the reaction. The degree symbol is used to indicate that the value of the
function is for the material in the standard state at 25 °C and unit activity. Because
ΔG represents the net useful energy available from a given reaction, in electrical
terms, the net available electrical energy from a reaction in a cell is given by the
equations

ΔG = -nFE

(Eq. 2.7)

ΔG° = -nFE°

(Eq. 2.8)

-9-
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where n is the number of electrons transferred per mole of reactants, F is the Faraday
constant, being equal to the charge of 1 equivalence of electrons, and E is the voltage
of the cell with the specific chemical reaction; in other words, E is the electromotive
force of the cell reaction. The voltage of the cell is unique for each reaction couple.
The amount of electricity produced, nF, is determined by the total amount of
materials available for reaction and can be thought of as a capacity factor; the cell
voltage can be considered to be an intensity factor. The usual thermodynamic
calculations on the effects of temperature, pressure, etc., apply directly to
electrochemical reactions. Spontaneous processes have a negative free energy and a
positive electromotive force, with the reaction written in a reversible fashion, which
goes in the forward direction. The van’t Hoff isotherm identifies the free energy
relationship for bulk chemical reactions as

ΔG = ΔG° + RT ln(A P /A R )

(Eq. 2.9)

where R is the gas constant, T the absolute temperature, A P the activity product of the
products, and A R the activity product of the reactants. Combining Eqs. 2.8 and 2.9
with the van’t Hoff isotherm, we have the Nernst equation for electrochemical
reactions:

E = E° + RT ln(A P /A R )

(Eq. 2.10)

Faraday’s laws, as summarized in Eq. 2.11, give the direct relationship between the
amount of reaction and the current flow. There are no known exceptions to Faraday’s
laws.

- 10 -
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g=

It (MW)
nF

(Eq. 2.11)

where g is the grams of material transformed, I is the current flow (amps), t is the
time of current flow (seconds, hours), MW is the molecular or atomic weight of the
material being transformed, and n is the number of electrons in the reaction.
Assuming thermodynamic reversibility of the cell reaction and with the help of Eqs.
2.5 and 2.7, we can obtain the reversible heat effect:

ΔG = -nFE = ΔH – TΔS

(Eq. 2.12)

= ΔH - nFT(dE/dT)

(Eq. 2.13)

By measuring the cell voltage as a function of temperature, the various
thermodynamic quantities for the materials in an electrode reaction can be
determined experimentally. Heating and cooling of the cell can proceed with heat
exchange with the environment. In general, the entropic heat is negligibly small
compared to the irreversible heat released, q, when a cell is in operation. Eq. 2.14
describes total heat release, including the reversible thermodynamic heat release,
along with the irreversible joule heat from operation of the cell in an irreversible
manner, during charge or discharge at finite current (or rate). Irreversible behavior
manifests itself as a departure from the equilibrium or thermodynamic voltage. In
this situation, the heat, q, given off by the system is expressed by an equation in
which E T is the practical cell terminal voltage and E OCV is the voltage of the cell on
open circuit.

q = TΔS + I(E OCV - E T )
- 11 -
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The total heat released during cell discharge is the sum of the thermodynamic
entropy contribution plus the irreversible contribution. This heat is released inside
the battery at the reaction site on the surface of the electrode structures. Heat release
is not a problem for low-rate applications; however, high-rate batteries must make
provisions for heat dissipation. Failure to accommodate/dissipate heat properly can
lead to thermal runaway and other catastrophic situations.

2.1.3. Kinetics in lithium ion batteries

In lithium ion batteries, electrical energy is generated by conversion of chemical
energy via redox reactions at the anode and cathode [17]. As reactions usually take
place under different circumstances (e.g., current, voltage, lithium ion concentration,
and temperature), the kinetics is critical to evaluate the electrochemical properties in
lithium ion batteries [1].

Compared to the equilibrium open circuit voltage (E OCV ), the voltage drops off
(electrode polarization or overvoltage) when current is drawn from the battery
because of kinetic limitations of reactions and of other processes that must occur to
produce current flow during operation. Electrochemical reaction kinetics follows the
same general considerations as those for bulk chemical reactions. However, electrode
kinetics differs from chemical kinetics in two important aspects: firstly, the influence
of the potential drop in the electrical double layer at an electrode interface as it
directly affects the activated complex. Secondly, the fact that reactions at electrode
interfaces proceed in a two-dimensional, not three-dimensional manner. The detailed
mechanisms of battery electrode reactions often involve a series of physical,

- 12 -
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chemical, and electrochemical steps, including charge transfer and charge transport
reactions.

The rates of these individual steps determine the kinetics of the electrode and, thus,
of the cell/battery. Basically, three different kinetics effects for polarization have to
be considered: (1) activation polarization is related to the kinetics of the
electrochemical redox (or charge transfer) reactions taking place at the
electrode/electrolyte interfaces of the anode and cathode; (2) ohmic polarization is
interconnected with the resistance of individual cell components and the resistance
due to contact problems between the cell components; (3) concentration polarization
is due to mass transport limitations during cell operation. The polarization, η, is
given by Eq. 2.15

η = E OCV - E T

(Eq. 2.15)

where E OCV is the voltage of the cell at open circuit and E T is the terminal cell
voltage with current flowing. Activation polarization arises from kinetic hindrances
to the charge-transfer reaction taking place at the electrode/electrolyte interface. This
type of kinetics is best understood using the absolute reaction rate theory or the
transition state theory. In these treatments, the path followed by the reaction proceeds
by a route involving an activated complex, where the rate-limiting step is the
dissociation of the activated complex. The rate of current flow per unit electrode
surface area of a charge-transfer-controlled battery reaction can be given by the
Butler-Volmer equation as

i = i o exp(αFη/RT) - exp((1 - α)Fη)/RT
- 13 -
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where i o = k o FA is the exchange current density, with k o the reaction rate constant
for the electrode reaction and A the activity product of the reactants, η is the
polarization or departure (overpotential) from equilibrium (η = E OCV - E T ), and α is
the transfer coefficient, which is best considered as the fraction of the change of
overpotential that leads to a change in the rate constant for the charge-transfer
reaction. The exchange current density is directly related to the reaction rate
constant, to the activities of reactants and products, and to the potential drop across
the double layer. Reactions with larger i o are more reversible and have lower
polarization for a given current flow. Electrode reactions having high exchange
currents (i o in the range of 10-2 A/cm2) at room temperature are favored for use in
battery applications. The buildup and decay of the activation polarization are fast and
can be identified by the voltage change on current interruption in a time frame of 102

-10-4 s. The activation polarization follows the Tafel equation derived from Eq. 2.16

η = a - b log(I/I o )

(Eq. 2.17)

where a and b are constants. Ohmic polarization arises from the resistance of the
electrolyte, the conductive diluent, and the materials used to construct the electrodes,
current collectors, and terminals, and the contact between particles of the active mass
and conductive diluent, or from a resistive film on the surface of the electrode.
Ohmic polarization appears and disappears instantaneously (<10-6 s) when current
flows and ceases. Under the effect of ohmic resistance, R, there is a linear Ohm’s
Law relationship between the current I and the polarization η:

η = IR
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As the redox reactions proceed, the availability of the active species at the
electrode/electrolyte interface changes. Concentration polarization arises from
limited mass transport capabilities, for example, limited diffusion of active species to
and from the electrode surface to replace the reacted material to sustain the reaction.
Diffusion limitations are relatively slow, and the buildup and decay take no less than
10-2 s to appear. For limited diffusion in the electrolyte solution, the concentration
polarization can be expressed as

η = (RT/n) ln(C/C o )

(Eq. 2.19)

where C is the concentration at the electrode surface and C o is the concentration in
the bulk of the solution. The movement or transport of reactants from the bulk
solution to the reaction site at the electrode interface and vice versa is a common
feature of all electrode reactions. Most battery electrodes are porous structures in
which an interconnected matrix of small solid particles (e.g. conductive agents and
binders), consisting of both non-conductive and electronically conductive materials,
is filled with electrolyte. Also, porous electrode structures are used to extend the
available surface area and lower the current density for more efficient operation.

2.2 Materials in lithium ion batteries

2.2.1 Cathodes

In lithium ion batteries, the cathode is the positive electrode of a cell that is
associated with reductive chemical reactions that gain electrons from the external
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circuit. The key requirements for a material to be successfully used as a cathode in a
rechargeable lithium battery are as follows:

 The material contains a readily reducible/oxidizable ion, for example a transition
metal.
 The material reacts with lithium in a reversible manner. It can support an
intercalation-type reaction in which the host structure essentially does not
change as lithium is added.
 The material reacts with lithium with a high free energy of reaction (e.g,. high
capacity, high voltage,and high-energy storage).
 The material reacts with lithium very rapidly, both on insertion and removal
(high lithium ion conductivity).
 The material performs as a good electronic conductor, which allows for the easy
addition or removal of electrons during the electrochemical reaction.
 The material should be stable and safe when it is overcharged and
overdischarged.


The material should be low-cost and environmentally benign.

Based on these considerations, a series of materials have been investigated as
cathode materials for lithium ion batteries. In the following sections, a brief review
of some cathode materials such as LiCoO 2 , LiNiO 2 , LiMn 2 O 4 , and LiFePO 4 will be
given.

 LiCoO 2
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In the 1990s, the SONY company combined a LiCoO 2 cathode with a carbon anode
to make the first successful lithium ion battery [20, 21], which currently dominates
the lithium battery market. The graphite carbon anode, which forms the compound
LiC 6 during lithium intercalation, makes for a much safer system than if pure lithium
is used because it avoids the possible formation of lithium dendrites, which can lead
to cell shorting.

LiCoO 2 was first discovered by Goodenough
et al. in 1980. They recognized that LiCoO 2
had a structure similar to the layered structures
of the dichalcogenides and showed that the
lithium

ions

could

be

removed

electrochemically, thus making it a viable
cathode material [22]. LiCoO 2 has been
extensively

investigated

since

its

commercialization in the early 1990s [23-28].
LiCoO 2 has the NaFeO 2 structure with the

Fig. 2.2 Schematic diagram of the
layered LiCoO2 structure [29].

oxygens in a cubic close-packed arrangement. The layered rock-salt structure of
LiCoO 2 is based on a close-packed network of oxygen atoms with the Li and Co ions
ordering on (111) planes of the cubic rock-salt structure. This (111) ordering
introduces a slight distortion of the lattice to hexagonal symmetry. Hence, the
LiCoO 2 crystallizes in the space group R m with cell constants of a = 2.816 and c =
14.08 Å. A schematic view of the structure in Fig. 2.2 shows the ABCABC type
stacking of the O-Li-O-Co-O-Li-O triangular sheets [28].
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Although the theoretical capacity of LiCoO 2 is as high as 274 mAh/g, the material
has only achieved about 140 mAh/g in practice. Electrochemical and in situ x-ray
diffraction measurements showed that lithium ion ordering occurs at x = 0.5 and is
coupled to a lattice distortion from hexagonal to monoclinic symmetry [29]. An
obvious first-order transition is also observed in the region 0.75 < x < 0.93. It is
tempting to speculate on the origin of these phase transformations. The
order/disorder transition can certainly be understood completely in terms of a lattice
gas model with appropriate Li-Li interactions. On complete removal of the lithium,
the oxygen layers rearrange themselves to give hexagonal close packing of the
oxygen in CoO 2 [30]. This is also the case for LiCoO 2 , where replacing the LiPF 6
salt by LiBOB or completely drying the LiCoO 2 by heating it to over 550 °C
improved the capacity retention to 180 mAh/g at a 4.5 V cut-off [31]. The substantial
movement of the oxygen layers in going from the ABCA to the ABA stacking
sequence will eventually significantly disrupt/disorder the structure. Thus, one
cannot expect capacities for LiCoO 2 of more than 180 mAh/g to be attainable over
hundreds of cycles. A further study suggests that CoO 2 has a monoclinically
distorted CdCl 2 structure, whereas NiO 2 has a monoclinically distorted CdI 2
structure, but little detail is given and no mention is made of the nickel content or
distribution [32].

The diffusion of lithium ions in LiCoO 2 is 5 ×10-9 cm2/s. However, the conductivity
of Li x CoO 2 remains a challenge, as it is reported to change dramatically with
composition [33], behaving as in a metal at x = 0.6 and as in a typical semiconductor
at x = 1.1 (the typical lithium-rich material used in commercial cells). The
conductivity changes by 2 (for the x = 1.1 compound) to 4 (for the x = 1.0
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compound) orders of magnitude at ambient temperature and by up to 6 orders of
magnitude at lower temperatures [34].

The conventional synthesis method for LiCoO 2 is solid state reaction [35]. The
reaction between the Li 2 CO 3 and CoCO 3 precursors was found to start by
decomposition of CoCO 3 , to cobalt oxide (at 250-400 °C), before reacting with
Li 2 CO 3 to form LiCoO 2 (at 400-800 °C). O 2 rich conditions yield small Co 3 O 4
particles, while in CO 2 , larger CoO particles are formed. High O 2 partial pressures
also enhance the decomposition/reaction of Li 2 CO 3 at low temperatures.
Furthermore, it appears that a Li 2 CO 3 eutectic melt is formed below 600 °C,
enhancing the diffusion of Li 2 CO 3 , as well as the sintering of the powder. Thus, the
studies have demonstrated that if a small and uniform particle size is desired, it is
important that O 2 rich conditions are maintained throughout the calcination and also
that higher temperatures (>500 °C) are not reached until most of the reaction forming
LiCoO 2 has taken place.

In solid state reaction, precursors of lithium and cobalt ions are treated at high
temperature to form the LiCoO 2 product uniformly. To prepare the LiCoO 2 at lower
temperature, a number of methods have been introduced to mix the precursors to a
high degree. The sol-gel method [36-38], freeze-drying and precipitation methods
[39], spray decomposition preparation [40], the rotary evaporation method [41], and
the spray-drying method [42] have been used to synthesize high-quality intercalation
LiCoO 2 . Although the products obtained at low temperature are electrochemically
active, firing at higher temperatures further improves capacity and cyclability.
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In order to improve the electrochemical performance of LiCoO 2 , doping and coating
methods are used to enhance the electrochemical performance. Materials such as Ni,
Cu, Mg, Al, Sn, and LiF have been introduced as dopants [43-48]. For example,
when aluminum replaces cobalt to form the compound LiAl 0.15 Co 0.85 O 2 , the capacity
was increased to 160 mAh/g and the cyclic performance was greatly improved [47,
48]. A significant improvement in thermal stability of the charged LiCoO 2 with a
particle size of 5 μm has been achieved by coating its particle surfaces with
LiMn 2 O 4 . The onset temperature for thermal decomposition of the LiMn 2 O 4 -coated
LiCoO 2 is 225 °C whereas that of the bare LiCoO 2 is 185 °C. In addition, the coating
also significantly improved the capacity retention on cycling with 4.3 V charge cutoff [49]. Zero-strain LiCoO 2 cathode material was produced by thin-film coating
with high-fracture-toughness oxides, which suppress the phase transition during
cycling. This novel method for making zero-strain compounds has potential
applications in various fields of materials design. As shown in Fig. 2.3, during
electrochemical charging, Li 1-x CoO 2 exhibits c-axis expansion of up to 2.6% at x =
0.5 (corresponding to the formation of a monoclinic phase from the original
hexagonal phase of LiCoO 2 ), with negligible variation in the a axis. Hence, the
typical reversible limit for Li 1-x CoO 2 delithiation is x = 0.5, which corresponds to a
discharge capacity of 140 mAh/g. The invariability of the c-axis dimension of coated
LiCoO 2 correlates extremely well with the fracture toughness of the coated oxides, in
the order ZrO 2 > Al 2 O 3 > TiO 2 > B 2 O 3 [50].

Although LiCoO 2 cathode dominates the rechargeable lithium battery market, there
is a limited availability of cobalt, which causes it to have a high price. This price
limits its use to small cells, such as those used in computers, cell phones, and
cameras. An alternative cathode will be needed for large-scale applications, as
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envisioned in hybrid electric vehicles (HEVs) or for load leveling. Therefore, low
price LiNiO 2 and LiMn 2 O 4 were investigated to replace LiCoO 2 after its initial
commercialization .

Fig. 2.3 a) The formation of a monoclinic phase with non-uniform lattice constant
expansion (~2.6%) in bare LiCoO 2 during charging (Li deintercalation), and b) the
suppression of phase transition from hexagonal to monoclinic phase by a fracturetoughened thin-film metal-oxide coating [50].

 LiNiO 2
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Lithium nickel oxide, LiNiO 2 , is isostructural with lithium cobalt oxide, but has not
been pursued in the pure state as a battery cathode for a variety of reasons, even
though nickel is more readily available and cheaper than cobalt. It is not clear that
stoichiometric LiNiO 2 exists. Previous reports suggest excess nickel as in Li 1y Ni 1+y O 2 ;

thus, nickel is always found in the lithium layer, which pins the NiO 2

layers together, thereby reducing the lithium diffusion coefficient and the power
capability of the electrode [41-55]. Fig. 2.4 shows the schematic lattice structure of
LiNiO 2 [54]. The hexagonal unit cell is drawn with thick lines, and the monoclinic
unit cell needed to index Li l-x NiO 2 for 0.25 < x < 0.50 is shown with dashed lines.
Another monoclinic unit cell used by Ohzuku et al. [55] with the same a M and b M ,
but with a different choices for the other axis, specified by c' and β', is also shown.

LiNiO 2 is not perfectly ordered in Fig. 2.4; there are about 2% lithium atoms in the
nickel layers and 2% nickel atoms in the lithium layers [56]. The phase transitions
are hexagonal to monoclinic, monoclinic to hexagonal, and hexagonal to hexagonal.
Three coexisting phase regions are found, which correspond to three first-order phase
transitions. Furthermore, a second lithium atom can be inserted either chemically or
electrochemically, as in Li 1.8 Ni 1+y O 2 , which is a mixture, as expected, of “LiNiO 2 ”
and “Li 2 NiO 2 ” [57].
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Fig. 2.4 Crystal structure of LiNiO2 [54]. The thick
lines reveal the primitive unit cell in the hexagonal
structure. The dashed thick lines outline the
monoclinic unit cell. The volume of the monoclinic
unit cell is twice the volume of the hexagonal unit
cell. The c-axis (labelled c') and the special angle
used by Ohzuku et al. [55] are also shown.

Compounds of Li x NiO 2 with low lithium content and high valence nickel ions appear
to be unstable due to the high effective equilibrium oxygen partial pressure, so that
such cells are inherently unstable and therefore dangerous in contact with organic
solvents. For LiNiO 2 electrodes, CO 2 was detected at potentials as low as 4.2 V vs.
Li/Li+. The starting point of the intensity changes in the mass signal m/z = 44
correlate well with the last current peak in the cyclic voltammogram of LiNiO 2 . This
indicates that at LiNiO 2 , electrolyte decomposition reactions are taking place
simultaneously with the final phase transition processes upon delithiation, which
reveal different electrochemical behavior concerning gas evolution compared to both
LiCoO 2 and LiMn 2 O 4 [58].

Among the methods used for the synthesis of LiNiO 2 , the sol–gel method has some
advantages, such as good stoichiometric control, production of submicronized
particles, and lower calcination temperature [59-62]. A number of organic chemicals,
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such as citric acid, polyvinyl alcohol, and adiphic acid can be used as chelating
agents. With the good contact of Li and Ni ions in the precursor, LiNiO 2 with highly
crystalline structure can be synthesized to achieve high electrochemical performance.

Also, the doping method has been applied to improve the electrochemical
performance of layered LiNiO 2 . The electrochemical properties of LiNiO 2 can be
enhanced after aluminum doping [63-69]. The inert aluminum doping can protect the
layered structure from the damage caused by overcharge. The doping can also
decrease the charge transfer resistance and enhance the lithium ion diffusion
coefficient [65]. Furthermore, the exothermic reaction during the discharge process
can be restrained, and hence, the Al can enhance the stability of the electrolyte for
cells containing LiNiO 2 electrode [66]. Electrochemical measurements reveal that
the charge plateaus can be increased by about 0.1 V. The third plateau for lithium
intercalation located at 4.23 V without Al doping does not exist below 4.3 V after
doping [68]. Besides, other heteroatoms such as Mg [70], Fe [71], Ca, In, and Nb
[72] have also been investigated as dopants for doping. The electrochemical
improvements depend on the individual properties of the different heteroatoms.

 Spinel LiMn 2 O 4

The spinel cathode material LiMn 2 O 4 was originally proposed by Goodenough et al.
in 1983 [73]. It was considered as a potential cathode material to replace LiCoO 2 and
has been extensively developed by Bellcore Labs [74-76].
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Fig. 2.5 Schematic diagram of the spinel LiMn 2 O 4 structure.

Fig. 2.5 presents a schematic diagram of the spinel LiMn 2 O 4 crystal structure. The
coexistence of Li+ ions on the 8a and 16c positions in Li l+x [Mn 2 ]O 4 provides
continuous diffusion pathways via site faces rather than site edges, provided that the
enthalpy for a Li+ ion hopping through a face is low enough for correlated motions of
ion pairs. The existence of these additional pathways should enhance the Li+ ion
mobility. Moreover, the concentration of mobile ions on 16c sites does not saturate
[73].

In the cubic phase, a dynamic Jahn-Teller distortion should provide effective
polarizability of the "bottleneck" sites, thus enhancing the Li+ ion mobility. Lithium
diffusion into a particle of LiMn 2 O 4 is accompanied by a uniform, unidirectional
movement of an interface between the tetragonal and cubic phases. The two-phase
interface contains no strain energy and, as in other martensitic transitions, should
- 25 -

Chapter 2 Literrature Review

have a high mobility associated with it. The rate-limiting step should be the Li+ ion
mobility. In the tetragonal phase, electron mobility on the mixed-valence
[Mn3+Mn4+]O 4 framework prevents trapping of Li+ ions by immobile charge
variations on the host framework. This factor tends to enhance Li+ ion mobility in
solid-solution electrodes, as compared with solid electrolytes doped to provide Li+
ion vacancies on crystallographically equivalent sites [73].

LiMn 2 O 4 is considered as one of the most promising cathode materials for lithium
ion

batteries.

However,

the capacity shows

gradual

fading during the

charge/discharge processes, which can be attributed to the following aspects:

(i) It has been proposed that the two-phase reaction at 4.6 V arises because of the
disproportionation reaction [73, 77-79]:

2 Mn3+→ Mn2+ + Mn4+

(Eq. 2.20)

This suggested internal redox reaction generates a defective spinel phase in which
Mn2+ (d5) ions are stabilized in tetrahedral (8a) coordination. Further extraction of
lithium from the spinel phase necessitates the oxidation of the Mn2+ ions, which
immediately displaces these ions from their tetrahedral positions back to 16c
octahedral sites because of the stronger preference of Mn3+ (d4) and Mn4+ (d3) ions
for six-fold coordination. This internal redox reaction (which may be dependent on
localized concentrations of manganese ions on 16c octahedral sites) results in a twophase electrode with defective spinel and defective rock salt character. Furthermore,
the dissolution of manganese from the spinel electrodes occurs, particularly when the
electrolyte is slightly acidic. It is the divalent manganese ions that are soluble in the
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acidic electrolyte, and so every attempt must be made to minimize their formation.
Dissolution can occur by a disproportionation reaction of extensively lithiated
particles which contain a relatively high Mn3+ concentration.

(ii) The onset of a Jahn-Teller distortion can occur at the end of discharge, when
under dynamic conditions (thermodynamic non-equilibrium), the surface of the
electrode particles are more extensively lithiated than they are in the bulk and can
reach an overdischarged composition, in which the average oxidation state of the
manganese ions is less than 3.5 [77, 80].

(iii) Instability is a feature of extensively delithiated spine1 electrodes, which are
highly oxidizing in the cell environment, particularly with respect to organic
electrolytes. This reaction, which can be accentuated by the presence of a carbon
current collector in the positive electrode, can also lead to manganese dissolution
[81, 82].

The spinel used is in a stabilized form, in which part of the manganese has been
substituted, as in Li 1.06 Mn 1.95 Al 0.05 O 4 , and there have been hundreds of studies on
the impact of this substitution [83-85]. LiCoO 2 , Li 2 O/B 2 O 3 compound, and
polypyrrole have been used to coat the surface of LiMn 2 O 4 to avoid the dissolution
of Mn2+ ions in the organic electrolyte. These surface treatments have enhanced the
electrochemical performance of LiMn 2 O 4 [86-88].



Olivine LiFePO 4
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Since the first report in 1997 by Goodenough et al. [89, 90], LiFePO 4 has been
widely investigated as a promising cathode material to replace LiCoO 2 in lithium-ion
batteries [91-101]. LiFePO 4 cathode material demonstrates reversible lithium
intercalation at around 3.4 V (vs. Li+/Li), with a theoretical capacity of 170 mAh/g.
LiFePO 4 is the most attractive cathode material for large-scale high power lithiumion batteries, such as for electric vehicle (EV) and hybrid electric vehicle (HEV)
applications, due to its low cost, abundant raw materials, and environmental
benignity. For LiFePO 4 , the discharge potential is about 3.4 V vs. lithium, and no
obvious capacity fading is observed, even after several hundred cycles. Its capacity
of 170 mAh/g is higher than that of LiCoO 2 and comparable to that of stabilized
LiNiO 2 , and moreover, it is thermally stable during discharge/recharge. Therefore, it
is considered as the most promising candidate cathode material for lithium ion
batteries.
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Fig. 2.6 Schematic diagram of the crystal structure of olivine FePO4 (left)
and LiFePO4 (right).

Fig. 2.6 presents a schematic diagram of the crystal structure of olivine LiFePO 4 and
of FePO 4 when lithium ions are fully extracted. LiFePO 4 , with the crystal parameters
of a = 10.333 Å, b = 6.011 Å, and c = 4.696 Å, belongs to the orthorhombic olivine
structure with space group P nmb . The lithium atoms occupy chains of edge-sharing
octahedra running parallel to the c-axis in alternate ac-planes, whereas the Fe atoms
occupy zigzag chains of corner-sharing octahedra running parallel to the c-axis in the
other ac-planes. The ac- planes containing the Li atoms are bridged by PO 4
tetrahedra, which constrain the motion of Li+ ions in the free volume, and the Li+ ion
mobility is significantly low in LiFePO 4 . The trigonal form is composed of FeO 4 and
PO 4 tetrahedra, with each FeO 4 tetrahedron sharing its four corners with four PO 4
tetrahedra and vice versa, giving a quartz-like structure. These iron atoms essentially
block diffusion of the lithium ions, as the diffusion is fast only along the one
dimensional tunnel, which has been investigated from first principles calculations
[102].

- 29 -

Chapter 2 Literrature Review

Because LiFePO 4 material has a very low
conductivity at room temperature, it could
achieve its theoretical capacity only at a
very low current density or at elevated
temperatures, due to the low lithium
diffusion at the interface. The loss in
capacity is a diffusion limited phenomenon
associated with the two-phase character of
the intercalation process. As is illustrated

Fig. 2.7 Schematic representation of the motion
of the LiFePO4/FePO4 interface on lithium
insertion into a particle of FePO4 [89].

schematically in Fig. 2.7 [89], lithium
insertion proceeds from the particle surface, moving inward behind a two-phase
interface, a LiFePO 4 /Li 1-x FePO 4 interface in this system. As the lithiation proceeds,
the surface area of the interface shrinks. For a constant rate of lithium transport per
unit area across the interface, a critical surface area is reached where the rate of total
lithium transported across the interface is no longer able to sustain the current, and
the cell performance becomes diffusion-limited. The higher the current, the greater is
the total critical interface area and, hence, the smaller the concentration x of inserted
lithium before the cell performance becomes diffusion-limited. During the extraction
process, the phase at the core of the particle grows back toward the particle surface,
which is why the parent phase is retained on repeated cycling and the loss in capacity
is reversible on lowering the current density delivered. This loss of capacity is not
due to a breaking of the electrical contact between particles as a result of volume
changes, a process that is normally irreversible.

There has been a surge of interest in this LiFePO 4 material and in understanding how
to enhance the conductivity; a well known paper by Nazar et al. has shown that the
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conductivity increase is related to the formation of a highly conductive iron
phosphide, an Fe 2 P surface film, which is formed at high temperature, particularly in
the presence of a reducing atmosphere [103]. However, most previous reports have
focused on carbon coating to enhance the conductivity because carbon is the most
abundant and efficient conductive agent. Ravet et al. showed that a carbon coating
significantly improves the electrochemical performance of LiFePO 4 material [104].
Many other approaches have been made towards finding means to improve the
electronic conductivity of LiFePO 4 particles [105-115]. The results have
demonstrated that the electrochemical properties of LiFePO 4 electrode, for both
long-term and high rate performance, were obviously improved after carbon coating.

Different amounts of carbon conductive agent (10, 15, and 20 wt.%, respectively)
have been mixed with LiFePO 4 and used as cathodes in non-aqueous lithium cells
[116]. By increasing the carbon content, an increase in the overall electrochemical
performance was observed. Impedance spectroscopy has been used to investigate the
ohmic and kinetic contributions to the cell overvoltage. It was found that increasing
the carbon content could reduce the cell impedance as a consequence of the reduction
of the charge transfer resistance. A further decrease of the charge transfer resistance
in high carbon content cathodes (20 wt.% carbon) was also obtained. On the other
hand, different carbon sources (graphite, carbon black, and acetylene black) have
been introduced as coating sources for LiFePO 4 particles [117]. The particles coated
with graphite exhibited showed the best electrochemical properties. At room
temperature, the carbon-coated cathode with graphite as the carbon source showed
stable capacity of 120 mAh/g, even at 2C. Equivalent circuit analysis from
impedance measurements suggested that the improved electrochemical properties of
carbon-coated cathodes using graphite could be attributed to the low charge transfer
- 31 -

Chapter 2 Literrature Review

resistance and low Li-ion migration resistance. However, the firing temperature of
the reaction mixture plays a much more important role, as that determines the
amount of graphitic compound on the LiFePO 4 surface. By incorporating small
amounts of a polyaromatic additive during synthesis of sol-gel LiFePO 4 materials, a
carbon coating with increased sp2 character could be produced, which is much more
effective than sp3 carbon [116].

The carbon coating is also significant to the tap density, namely, the volumetric
density of LiFePO 4 material [118]. The low density of LiFePO 4 results in a low
volumetric density, and so it is critical that the minimum volume of carbon and
organic binder be used in the electrode. The density of LiFePO 4 , polyvinylidene
fluoride (PVdF), and carbon black is 3.6, 2.2, and 1.8 g/cm2, respectively, so an
electrode containing 10 wt % carbon and 5 wt % Teflon will have a volumetric
energy density 25% less than the theoretical value. This assumes that all the particles
pack equally efficiently, which is unlikely to be the case with the poor packing
associated with carbon, particularly with decomposed sugar.

Besides the carbon, other materials have been used for LiFePO 4 coatings [119-129].
Small amounts of copper and silver particles were dispersed on the surface of
LiFePO 4 material to enhance the conductivity [119, 120]. In both cases, substantial
capacity improvement has been experimentally demonstrated. Conductive polymers
such as polypyrrole [121, 122], polyethylene glycol [123], polyacene [124], poly(3,4ethylenedioxythiophene) [125], and polyaniline [126] were coated on the LiFePO 4
surface. These polymer coated LiFePO 4 materials can also achieve excellent capacity
retention and rate capability. Furthermore, some metal oxides have been used as
coating agents to enhance the electrochemical properties [127-130]. By coating with
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oxides, such as ZrO 2 [127], TiO 2 [128], ZnO [129], and CuO [130], the thermal
stability of LiFePO 4 in organic electrolyte can be enhanced. The coating layer can
also protect the LiFePO 4 from volume change during the charge/discharge process,
and hence, improve the electrochemical performance of coated LiFePO 4 .

Pure LiFePO 4 samples are reported to have an electronic conductivity of 10-9 S/cm.
A report in 2002 showed excellent electrochemical behavior when the LiFePO 4 was
“doped” with small amounts of supervalent elements such as Nb, Zr, Ti, Al, W, and
Mg [131]. The conductivity of doped LiFePO 4 could be increased by 8 orders of
magnitude. The resulting materials show near-theoretical energy density at low
charge/discharge rates, and retain significant capacity with little polarization at
current density of 6,000 mA/g. The supervalent doping could decrease the activation
energy and transform the un-doped LiFePO 4 from an intrinsic semiconductor to an
extrinsic p-type semiconductor. However, there has been controversy about the
nature of the doping mechanism [132, 133]. Islam et al. examined the dopant
substitution energetics of a range of cations with charges varying from +2 to +5. Low
favorable energies were found only for divalent dopants on the Fe site (such as Mn),
which was in accord with experimental work [133]. They claimed that LiFePO 4 is
not tolerant to aliovalent doping (e.g., Al, Ga, Zr, Ti, Nb, or Ta) on either Li (M1) or
Fe (M2) sites. However, other studies of alien cation doping, either on Li sites (M1)
or Fe sites (M2), have demonstrated that the electrochemical performance of
LiFePO 4 could be improved by doping [134-142]. Wu et al. doped LiFePO 4 with Zn
[142]. During de-intercalation and intercalation of lithium ions, the doped zinc atoms
protect the LiFePO 4 crystal from shrinking. This kind of ‘‘pillar’’ effect provides
larger space for the movement of lithium ions. Consequently, the conductivity is
enhanced, and the lithium ion diffusion coefficient is boosted after doping. These
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favorable changes are beneficial to the electrochemical performance of LiFePO 4 ,
including discharge capacity and rate capability. Furthermore, they investigated the
lithium ions diffusion coefficients in LiFePO 4 electrode materials after doping with
Ti, Zr, V, Nb, and W [143]. The results indicate that the diffusion coefficient of
lithium ions depends on the radius of the heteroatoms. As the radius of the
heteroatom becomes larger, the diffusion coefficient increases.

A number of approaches have been used to design the morphology of LiFePO 4
material. Nano-LiFePO 4 particles can achieve high lithium bulk mobility, by
creating a fast ion-conducting surface phase through controlled off-stoichiometry
[144]. A rate capability equivalent to full battery discharge in 10-20 seconds can be
achieved. At a charge/discharge rate of 2 C, the material still discharges to its
estimated theoretical capacity of 166 mAh/g. Even at the highest testing rate of 50 C,
corresponding to a time of 72 s to fully discharge the capacity, the material achieves
about 80% of its theoretical capacity. Mesoporous and hollow LiFePO 4 can be
obtained by the hard template method [145]. The results clearly demonstrated higher
power density at higher current rates than those of previously reported solid
counterparts. Electrochemical cycling of both nanowire and hollow LiFePO 4
cathodes demonstrates excellent rate capability even above the 10 C rate, where they
show more than 89% capacity retention of the initial capacity. The rate capability of
the hollow cathode at 15 C is higher than that of the nanowire cathode, showing 6%
improvement due to its higher Brunauer-Emmett-Teller (BET) surface area.
Hierarchically porous LiFePO 4 with 3-dimensional meso/macro-pores was prepared
by using poly(methyl methacrylate) as a colloidal template [146]. The materials with
the pores around 100 nm in diameter achieved the best discharge capacities, 160
mAh/g at 0.1 C and 115 mAh/g at 5 C.
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2.2.2 Anode Materials

The anode is the negative electrode of a cell and associated with oxidative chemical
reactions that release electrons into the external circuit. The ideal anode material
always has a low operating voltage and a high specific capacity. Lithium has long
received much attention as a promising anode material. The interest in this alkali
metal has arisen from the combination of its two unique properties: (1) it is the most
electronegative metal (-3.04 V vs. the standard hydrogen electrode (SHE)), and (2) it
is the lightest metal (0.534 g cm-3). The former confers upon it a negative potential
that translates into high cell voltage when matched with certain cathodes, and the
latter makes it an anode with high specific capacity (3.86 Ah/g). The failure of
lithium as an anode due to dendrite formation prompted the search for a way to
circumvent the drastic morphological change of the anode during cell cycling. The
lithium dendrite grown in cells may penetrate the separator and cause safety issues
such as a short circuit or even explosion. As a result, “host-guest” chemistry was
considered, with such electrodes also known as “intercalation” type electrodes. Many
materials have been developed as anode materials for lithium ion batteries during the
past decades. Here, some conventional materials such as carbonaceous materials,
silicon, and metal oxides are summarized to give a brief introduction to anode
materials for lithium ion batteries.

 Carbonaceous Materials

Carbon is the most widely used element on earth. In the field of electrochemistry,
different kinds of carbonaceous materials have been used as electrode materials for
industrial electrolyzers and conductive materials in batteries [147]. Since the
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commercialization of lithium ion batteries in 1990, with graphite anode material, the
lithium ion intercalation properties in carbon materials have been well investigated.
In the following text, the electrochemical properties of graphite, carbon nanotube
(CNT), and graphene for rechargeable lithium batteries are briefly discussed.

Graphite

Currently, graphite is used as the negative electrode of commercial rechargeable
lithium batteries because its advantages: i) it exhibits both higher specific charges
and more negative redox potentials than most metal oxides, chalcogenides, and
polymers (~0.5V vs. Li/Li+); and ii) its dimensional stability results in better cycling
performance than for Li alloys. The insertion of lithium into graphite, habitually
named “intercalation”, proceeds according to the following equation [148]:

Li+ + e- + 6C = LiC 6

(Eq. 2.21)

The schematic mechanism of lithium ion insertion into the interlayers of graphite is
shown as Fig. 2.8 Graphite is a typical layered structure that consists of hexagonal
sheet of sp2 carbon atoms. The layers stack sequentially along the c axis, bonded by
weak van der Waals forces. The standard interplanar distance of d 002 is 0.3354 nm.
During the electrochemical reduction (charge) process of the carbon host, lithium
ions from the electrolyte penetrate into the carbon and form a lithium/carbon
intercalation compound, Li x C n . The reaction is reversible. The synthesis of lithiumgraphite intercalation compounds, Li x C n , has been known since the middle of the
1950s [149]. At ambient pressure, a maximum lithium content of one Li guest atom
per six carbon host atoms can be reached for highly crystalline graphitic carbons.
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The intercalation reaction occurs only at prismatic surfaces (armchair and zigzag
faces). Through the basal planes, intercalation is possible at defect sites only [150].
During intercalation into graphite, the stacking order of the carbon layers (named
graphene layers) shifts to AA order. Thus, two neighboring graphene layers in LiC 6
directly face each other. Owing to lithium intercalation the interlayer distance
between the graphene layers increases moderately to 0.370 nm (with 10.3%
calculated for LiC 6 ) [151]. In LiC 6 material, the lithium is distributed in-plane in
such a manner that it avoids the occupation of the nearest neighbor sites. The
distance between every two lithium ions is 0.430 nm as shown.

Fig. 2.8 Schematic diagram of structure of LiC 6 . Top left: schematic drawing shows
the AA layer stacking sequence and the AA interlayer ordering of the intercalated
lithium. Top right: simplified representation after intercalation. Bottom: Vertical
view of the basal plane of LiC 6 [148].
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A general feature of intercalation into graphite is the stepwise formation of a periodic
array of unoccupied layer gaps at low concentrations of guest species, called stage
formation [148, 152 -153]. This stepwise process can be described by the stage
index, which is equal to the number of graphene layers between two nearest guest
layers. Staging is a thermodynamic phenomenon related to the following factors: i)
the energy required to expand the distance between two graphene layers and decrease
the van der Waals gap, and ii) the repulsive interactions between lithium ions. Thus,
as a rule, few but highly occupied van der Waals gaps are energetically favored over
a more random distribution of guests. Staging phenomena can be easily observed
during the electrochemical reaction of carbons in Li+ containing electrolytes. Fig. 2.9

Fig. 2.9 Stage formation during electrochemical intercalation of lithium into graphite. Left:
schematic galvanostatic curve. Right: schematic voltammetric curve. [148, 154].
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(left) shows a schematic potential/ composition curve for galvanostatic reduction of
graphite to LiC 6 . The plateaus indicate two-phase regions (coexistence of two
phases). Under potentiodynamic control, such as linear potential sweep voltammetry,
as shown on the right side of Fig. 2.9, the current peaks indicate the two-phase
regions. Apart from the stage s = I, four other binary phases, corresponding to the
stages of IV, III, II L, and II (which can also be obtained by chemical synthesis)
[154], were identified from electrochemical curves and confirmed by X-ray
diffraction [155, 156] and Raman spectroscopy [157]. The splitting of the second
stage into two, s = II (x = 0.5 in Li x C 6 ) and s = II L (x = 0.33 in Li x C 6 ), is due to
different lithium packing densities.

Fig.2.10 Schematic illustration of the SEI formation mechanism via the
decomposition of Li(solv)xCy.

Studies have identified the existence of graphite intercalation compounds with
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solvent molecules [158-160]. On the basis of our knowledge about these compounds
and their reactions, a mechanism for solid electrolyte interface (SEI) formation was
proposed which involves the initial formation of a ternary lithium graphite
intercalation compound [Li(solvent) x C y ] and its subsequent decomposition near the
edge sites of the graphene planes to form the SEI. Fig. 2.10 schematically depicts the
SEI formation process according to this mechanism. While the reduction of a free
ethylene carbonate (EC) molecule is very unlikely, the coordination of a lithium ion
to an EC molecule renders the one- or two-electron reduction processes
thermodynamically possible in a supermolecular structure such as Li+(EC) n (n = 15). Upon cathodic polarization of the graphite anode, the solvated lithium ion
migrates to the negatively charged surface of the graphite and is intercalated into
graphene layers at the potential between 1.0 to 0.80 V before any reduction occurs.
The ternary graphite intercalation compound (GIC) thus formed, for example,
Li(EC/dimethoxy ethane (DME)) x C y , has a short lifetime and decomposes within the
time scale of slow scan cyclic voltammetry (CV) (~104 s), as indicated by the
irreversible peak observed when the scanning rate is low; therefore, this process
might easily be mistaken for an ordinary irreversible reduction of the electrolyte.
However, at certain faster scan rates (e.g. 10 mV/s), part of the solvated ions could
still be reversibly removed from graphene interlayer sites [161]. The reductive
decomposition of these co-intercalated solvents then results in an SEI that extends
from the graphite surface at the edge sites into the interior of the interlayer voids.
The formation of the SEI layer causes irreversible capacity in anode materials.

The graphite anode requires a stable SEI layer to achieve high electrochemical
performance. The co-intercalation of solvate lithium ions can dramatically extend the
interlayer of graphite compared to the lithium ions. If the solvate ions penetrate the
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SEI layer before it is completely formed, the outer layers of graphite may be
destroyed. The exfoliation of graphene layers consumes more electrolyte to form a
new SEI layer, and hence, gives rise to large irreversible capacity in the following
cycles. Numerous research studies have focused on the improvement of the
protective SEI layer and the suppression of co-intercalation by solvate ions [162166]. When the graphite is coated by silver, copper, and nanosize TiO 2 , the
decomposition of propylene carbonate (PC)-based electrolyte can be suppressed
[167-169]. Excellent electrochemical properties can be achieved in PC-based
electrolyte, which has benefits for the application of graphite as anode material for
low temperature lithium batteries.

Carbon Nanotube (CNT)

Generally, the carbon nanotubes can be simply divided into single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). The chemical
bonding of nanotubes is composed entirely of sp2 bonds, similar to those of graphite.
This bonding structure, which is stronger than the sp3 bonds found in diamonds,
provides the molecules with their unique strength. Nanotubes naturally align
themselves into "ropes" held together by van der Waals forces. Carbon nanotubes
have excellent characteristics in energy storage, such as in hydrogen storage [170],
supercapacitors [171], and lithium ion batteries [172, 173]. Initial reports showed
only poorly reversible capacity, with lithium intercalated up to a saturation
composition of Li 1.7 C 6 . The nanotubes also show large irreversible capacity and
large voltage hysteresis. Most lithium ions can not be recovered upon cycling. The
capacity is improved with treatment by ball milling, where it was reported that the
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irreversible capacity was dramatically reduced and the reversible capacity was
increased to 2.7 Li per C 6 [173].

One of the key factors in producing a superior battery based on Li/CNT technology
is the ability of lithium ions to exchange with the nanotube interior. An ab initio
calculation indicates that while direct diffusion of lithium ions through the sidewalls
of pristine nanotube is forbidden, the ions can enter through topological defects
consisting at least nine-sided rings [174]. Alternatively, lithium ions can enter
through open ended nanotubes. Once inside, the ions are not diffusion limited,
provided that the tubes are relatively short.

However, due to the drawbacks such as high cost and low tap density of CNTs, they
are not directly used as anode materials. However, due to their outstanding
mechanical and electronic properties, they can be used as additives or carriers to
prepare novel electrode materials for lithium ion batteries. When carbon nanotubes
were combined with other active materials, the electrochemical performance was
greatly improved compared to the pristine materials [175-182].

Graphene

Graphene is a one-atom-thick planar
sheet of sp2-bonded carbon atoms that
are densely packed in a 2-dimensional
honeycomb crystal lattice (Fig. 2.11). It
can be visualized as an atomic-scale
chicken wire made of carbon atoms and
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their bonds. The name comes from graphite + -ene; graphite itself consists of many
graphene sheets stacked together. The carbon-carbon bond length in graphene is
about 0.142 nm. Graphene is the basic structural element of some carbon allotopes,
including graphite, carbon nanotubes, and fullerenes. It can also be considered as an
infinitely large aromatic molecule, the limiting case of the family of flat polycyclic
aromatic hydrocarbons called graphenes.

Graphene has been attracting enormous attention due to its unique properties [183185]. Recently, graphene and graphene-based materials have been considered as one
of the promising alternatives as electrode materials in energy-related devices,
because these materials have superior electrical conductivities, high surface area,
chemical tolerance, high transparency, and a broad electrochemical window. The
advantages of graphene-based electrodes have been demonstrated for applications in
energy-related

electrochemical

devices,

such

as

lithium-ion

batteries,

supercapacitors, and solar cells. Currently, graphene-based materials, including
graphene nanosheets [186-189], graphene paper [190], and graphene hybrid
nanostructures (such as TiO 2 /graphene [191], SnO 2 /graphene [192, 193],
ceramic/graphene [194], and graphene sandwich composites [195]), have attracted
special attention as high capacity anode materials in lithium ion batteries, owing to
their excellent lithium storage properties. The electrochemical mechanism of the
enhancement has been studied by several research groups. Paek et al. demonstrated
enhanced cyclic performance and lithium storage capacity of SnO 2 /graphene
nanoporous electrodes with three-dimensionally delaminated flexible structure [192].
In their work, SnO 2 /graphene nanoporous electrode materials with delaminated
structure were fabricated by the reassembly of graphene nanosheets (GNS) in the
presence of SnO 2 nanoparticles. It was demonstrated that the obtained SnO 2 /GNS
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electrode exhibited an enhanced reversible capacity as well as superior cycling
performance in comparison with that of the bare SnO 2 electrode. Wang et.al.
investigated the improvement by first principles calculations [196]. When the
graphene layers are completely separated by nanoparticles such as Sn, each graphene
layer can host lithium ions on both sides of its surface. The calculation results
indicate that lithium can be stably stored on both sides, as shown in Fig. 2.12.
Therefore, the theoretical capacity of single layer graphene should be 744 mAh/g,
which is two times that of graphite. The atomic model of lithiated graphene, LiC 3 , is
presented as Fig. 2.12.

Fig. 2.12 Atomic model of LiC3 graphene. Top: top view; bottom: side view[196].

 Silicon
Silicon (Si) has been considered as one of the most attractive anode materials for
lithium ion batteries because it has the highest gravimetric capacity. Si can alloy with
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lithium up to Li 4.4 Si, corresponding to 4212 mAh/g (4.4Li + Si

Li 4.4 Si), which is

more than 10 times the capacity of commercial anode material (graphite, 372
mAh/g). Furthermore, silicon is also abundant, cheap, and environmentally benign.
However, it shows dramatic capacity fading due to pulverization of the active
material

caused

by

the

large

volume

expansion/shrinkage

during

the

discharge/charge reactions. The reason is that each silicon atom swells by up to more
than 3 times when 4.4 units of lithium ions are intercalated to form the alloy, and
then shrinks when the lithium ions are released. After a few cycles of discharging
and recharging, the structure of the silicon begins to crumble away and can no longer
hold lithium ions effectively [197-200].

In order to overcome this volume change issue, various approaches have been
applied to achieve high electrochemical performance in Si electrodes. By designing
the morphology of Si on the nanoscale, the pulverization issue would be suppressed
due to the unique properties of nanomaterials. Chen et al. developed nest-like Si
nanospheres which were prepared by a solvothermal method [201]. It was found that
the size and morphology of the products are greatly dependent on the experimental
conditions. The galvanostatic charge-discharge cycling of a cell with nest-like Si
nanospheres was carried out in the potential region of 1.6–0.02 V at different current
densities. The coated electrodes with the nest-like Si nanospheres could exhibit a
large specific capacity of 3628, 3291, and 3052 mAh/g at the current density of 400
(0.1C), 800 (0.2C) and 2000 mA/g (0.5C), respectively, revealing their excellent
high-rate capability. Cui et al. grew 1D silicon nanowires by the chemical vapor
deposition (CVD) method [202]. Their silicon nanowire battery electrodes can
accommodate large strain without pulverization, provide good electronic contact, and
exhibit short lithium ion migration pathways. The Si nanowire electrodes can achieve
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their theoretical capacity and maintain a discharge capacity close to 75%, with
almost no fading during cycling. On the other hand, it can be considered that when
the nanomaterials have an ordered separation distance, the ordered pores can act as a
buffer layer to promote uniform volume changes. The most efficient way to
synthesize Si nanowires or bulk particles with ordered pores is to use templates such
as ordered mesoporous silica or Al 2 O 3 membrane templates (as shown in Fig. 2.13).
One such example is hexagonal SBA-15 silica [203] with p6mm symmetry, which
contains two dimensional parallel cylindrical pores arranged with hexagonal
symmetry. Al 2 O 2 templates have been used for both nanowire and nanotube
synthesis [204-206]. After impregnation and annealing of the precursors in the
templates, these parent templates must be selectively removed in relatively
concentrated NaOH or HF for silica. A 3D porous Si material can be synthesized by
a route involving a Schlenk line in Ar atmosphere from SiCl 4 starting material. The
3D porous Si obtained from etching SiO2/c-Si composites consisted of 30:70 wt%
(SiO 2 : Si gel). The Si particles have many voids, like an “octopus foot”. Because the
porous Si particles are terminated with carbon, Si dissolution into the HF solution is
unlikely to occur. Cross-sections of c-Si particles show the 200 nm interconnected
pores with a pore-wall thickness of 40 nm. In contrast to Si nanoparticles, the
capacity retention at the rate of 0.2C is 99% (2820 to 2780 mAh/g) after 100 cycles,
while at the rate of 1C it is 90% (2668 to 2434 mAh/g). Furthermore, coulombic
efficiencies of the porous c-Si particles at both 0.2C and 1C rates were >98% [207].
Capacity retention of the 3D-porous Si is far superior to that of previously reported
nanosized Si nanoparticles.

Another established strategy to depress the volume change is coating. With carbon
coating, the volume change of Si particles can be restrained by the carbon layer.
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Fig. 2.13 Schematic views of the synthesis of mesoporous Si nanowires and
nanotubes using SBA-15 and Al2O3 templates [198].

Additionally, the carbon layer can increase the conductivity of Si materials, and
hence, enhance the electrochemical performance at high rate. The carbon coating can
be applied on Si particles by emulsion polymerization and further thermal treatment
[208], spray pyrolysis [209], and carbon aerogel carbonization [210] methods. The
electrochemical performance can be greatly improved after carbon coating. A novel
design of carbon-silicon core-shell nanowires for high power and long-life lithium
battery electrodes has been developed. Amorphous silicon was coated onto carbon
nanofibers to form a core-shell structure, and the resultant core-shell nanowires
showed great performance as anode material. Since carbon has a much smaller
capacity compared to silicon, the carbon core experiences less structural stress or
damage during lithium cycling and can function as a mechanical support and an
efficient electron conducting pathway. These nanowires have a high charge storage
capacity close to 2000 mAh/g and good cycling life. They also have a high
coulombic efficiency of 90% for the first cycle and 98-99.6% for the following
cycles [211]. Silicon crystalline-amorphous core-shell nanowires were grown
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directly on stainless steel current collectors by a simple one-step synthesis.
Amorphous Si shells can be selected to be electrochemically active instead of
crystalline Si cores due to the difference in their lithiation potentials. Therefore,
crystalline Si cores function as a stable mechanical support and an efficient
electrically conducting pathway, while amorphous shells store lithium ions. These
core-shell nanowires have high charge storage capacity (close to 1000 mAh/g, 3
times that of carbon) with close to 90% capacity retention over 100 cycles. They also
show excellent electrochemical performance at high rate charging and discharging
(6.8 A/g, close to 20 times that of of carbon at the 1C rate) [212]. In addition, some
other materials, such as SiO [213], TiO 2 [214], and SiO 2 /C double layers [215], can
also act as coating layers to enhance the electrochemical properties of Si electrodes.

Thin film technology is another method to improve the electrochemical properties of
Si [216-218]. In these cases, the Si thin film can depress the volume change and
achieve high capacity. However, this technique is still not available for large scale
cells because of low product yields. Binary Si alloys have been made to decrease the
volume change effects. The elements and compounds used are lithium active
materials such as Sn, Ag, Zn, Mg, and V [219-226].

 Metal oxides

Transition metal oxides

Transition metal oxides have been extensively investigated as anode materials for
lithium ion batteries. Generally, they exhibit high theoretical gravimetric capacity
(800-1200 mAh/g) and high density (5-7 g/cm3) compared to graphite, the
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commercial anode material (372 mAh/g, 2.21-2.26 g/cm3). Furthermore, their raw
materials are abundant and cheap. In 2000, Tarascon et al. reported a series of
nanosize transition metal oxides as anode materials for lithium ion batteries [227].
The cycling performances of such materials should be extremely sensitive to their
degree of division or aggregation. The results are of interest with respect to possible
applications; they are also of interest at a fundamental level. The mechanism of the
reaction with lithium of these metal oxides differs from the classical mechanisms,
which are based either on reversible insertion/deinsertion of lithium into host
structures or on lithium alloying reactions (such as with Sn, Si, and Ge). This
difference is due to the facts that most of these materials (CoO for instance)
crystallize in a rock-salt structure that does not contain any available empty sites for
Li ions, and also, that none of the 3d metals considered forms alloys with Li. From
XRD and TEM observations, as well as magnetic measurements, it appears that the
reversible electrochemical reaction mechanism of Li with the transition-metal oxides,
such as CoO, entails for the most part a displacive redox reaction, as follows [227]:

CoO+2Li++2e- ↔ Co0+Li 2 O

(Eq. 2.22)

2Li ↔ 2Li++2e-

(Eq. 2.23)

CoO +2Li ↔Co0+Li 2 O

(Eq. 2.24)

This implies the reversible formation (Eq. (2.3)) and decomposition (Eq. 2.4) of
Li 2 O. The reaction of Eq. (2.3) is thermodynamically feasible and thereby expected.
In contrast, the ability to drive the reaction of Eq. (2.4) electrochemically is
surprising. Indeed, Li 2 O has always been reported to be electrochemically inactive,
as was further confirmed by previous failed attempts to electrochemically decompose
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Li 2 O powders, even when mechanically milled with Co powders. However, caution
has to be exercised since, when dealing with nanosized materials, chemical and
physical phenomena are strongly affected. On this basis, the electrochemically driven
size confinement of the metal particles is believed to enhance their electrochemical
activity towards the formation/decomposition of Li 2 O. With decreasing particle size,
an increasing proportion of the total number of atoms lies near or on the surface,
making the electrochemical reactivity of the particles more and more important. In
this work we have reported the reaction of nanosized transition-metal oxides with Li+
in the solid state. These conditions are needed to optimize the reactivity of such
nanoparticles in non-aqueous Li-bearing electrolytes.

So far, these transition material oxides, such as Co 3 O 4 [225-231], Fe 2 O 3 [232-234],
Fe 3 O 4 [235, 236], NiO [237, 238], CuO [239-241], Cu 2 O [242-244], and Cr 2 O 3
[245, 246], have all been developed as anode materials for lithium ion batteries. All
the results demonstrated high capacity for these metal oxides, which reveals a
promising potential to replace the current commercial graphite anode by metal oxide
electrodes.

Sn-based oxides (SnO and SnO 2 )

The tin-based oxides have been extensively examined since the report in 1997 by
Miyasaka et al. [246]. However, the mechanism for these oxides used in lithium ion
batteries is different from that of the transition metal oxides. In these cases, the Snbased oxides host lithium ions according to an alloy formation mechanism. The basic
reactions of these materials have been reported as follows:
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SnO 2 :

SnO 2 +4Li++4e-→Sn+2Li 2 O

(Eq. 2.25)

Sn+4.4Li++4.4e-↔Li 4.4 Sn

(Eq. 2.26)

SnO 2 +2Li++2e-→Sn+Li 2 O

SnO:

(Eq.
2.27)

Sn+4.4Li++4.4e-↔Li 4.4 Sn

(Eq. 2.28)

From the reactions, we can see that Sn–O bonding is irreversibly dissociated by the
introduction of lithium ions and electrons at the first lithiation step, forming Li 2 O
and metallic Sn. In the second step, the Sn is responsible for the reversible capacity
of the Sn-based oxide anode through the alloying/dealloying reaction with lithium up
to the theoretical limit of Li 4.4 Sn.

Recently, the detailed mechanism of Li 2 O formation in Sn oxides determined by
electrochemical measurements and Auger electron spectroscopy (AES) suggested
that Li 2 O was formed at 0 V [248], not around 0.8 V as reported previously [249,
250]. The Sn-based oxide anode showed improved capacity retention compared to
metallic Sn, which was mainly ascribed to the resulting composite structure, which
consists of electrochemically active Sn and an inactive lithium phase such as Li 2 O.
Li 2 O acts as a matrix where the reduced Sn phase is finely dispersed and thereby
prevents the aggregation of Sn atoms. However, upon repeated cycles, Sn phases
surrounded by the Li 2 O matrix arising from delithiation of the Li–Sn alloy phase
showed a tendency to aggregate with each other into large particles [251], which
have been directly observed by high resolution transmission electron microscopy
(HRTEM) [252, 253]. Coarsening of Sn particles after prolonged cycling caused a
large volume change and destruction of the Li 2 O matrix phase, which eventually
degraded the capacity retention of the Sn oxide anode.
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To improve the capacity retention of Sn oxide anodes, it is crucial to suppress the
aggregation of Sn atoms into larger particles during cycling. Control of the cut-off
voltage for delithiation was highly effective in suppressing the coarsening of Sn
particles, which mainly occurred in the delithiation process from a Li-Sn
intermetallic phase to Sn. It is noteworthy that physical modification of Sn-based
oxide anode materials can provide free volume within the materials as a buffer
against volume changes during cycling. Sn-based oxides with an ordered mesoporous
structure [254-258], nanotubular structure [259, 260], and SnO 2

hollow

micro/nanosphere structure [261-263] have also demonstrated highly stable cycling
performances over prolonged cycles.

2.2.3 Electrolytes

An electrolyte is a material that provides pure ionic conductivity between the
positive and negative electrodes. In addition to achieving the requirements for
lithium ion battery application, the electrolyte must satisfy several additional
requirements such as [264, 265]:
 Electrolyte should have a large energy window E g .
 An ionic conductivity of σ Li+ > 10-4 S/cm over the temperature range of
battery operation.
 An electronic conductivity σ e < 10-10 S/cm to minimize the power loss caused
by electrolyte.
 A transference number σ Li+ /σ total ≈ 1, where σ total includes conductivities of
other ions in the electrolyte as well as σ Li+ and σ e .
 Retention of the electrode/electrolyte interface during cycling when the
electrode particles are changing their volume.
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 Chemical stability over both the ambient temperature range and temperatures
in the battery under high power.
 Chemical stability with respect to the electrodes, including the ability to
rapidly form a passivating solid/electrolyte-interface (SEI) layer where
kinetic stability is required because the electrode potential lies outside the
electrolyte window.
 Safe, e.g. non-flammable and non-explosive, when the cell is short-circuited.
 Low toxicity and low cost.

However, it is a formidable challenge to meet all these requirements. Every
electrolyte has its advantages and drawbacks. Table 2.1 lists a series of electrolyte
systems with different compositions. The ingredients, conductivity, electrochemical
window, and flammability of some general organic electrolyte systems are briefly
Table 2.1 Non-aqueous Electrolyte Systems for Li-Ion Batteries [264].

Electrolytes

Example of classical electrolytes

Electrochemical
Windows vs. Li+/Li0

Ionic
conductivity
( 10-3 s/cm)
at room temp

Reduction

Oxidation

Remark

Liquid organic

1M LiPF6 in EC:DEC (1:1)
1M LiPF6 in EC:DMC (1:1)

7
10

1.3
1.3

4.5
>5.0

Flammable

Ionic liquids

1M LiTFSI in EMI-TFSI
1M LiBF4 in EMI-BF 4

2.0
8.0

1.0
0.9

5.3
5.3

Non-flammable

Polymer

LiTFSI-P(EO/MEEGE)
LiClO4-PEO8 + 10 wt % TiO2

0.1
0.02

<0.0
<0.0

4.7
5.0

Flammable

Inorganic solid

Li4-xGe1-xP xS4 (x = 0.75)
0.05Li4SiO4 + 0.57Li2S + 0.38SiS2

70

<0.0
<0.0

>5.0
>8.0

Non-flammable

Inorganic liquid

LiAlCl4 + SO2

4.2

-

4.4

Non-flammable

Inorganic liquid + Polymer

0.04LiPF6 + 0.2EC + 0.62DMC + 0.14PAN
LiClO4 + EC + PC + PVdF

3.0

-

4.4
5.0

Flammable

Ionic liquid + Polymer

1M LiTFSI + P13TFSI + PVdF-HFP

0.18

<0.0

5.8

Less flammable

Ionic liquid + Polymer
+ Liquid organic

56 wt % LiTFSI-Py24TFSI
+ 30 wt % PVdF-HFP
+ 14 wt % EC/PC

0.81

1.5

4.2

Polymer
+Inorganic solid

2 vol % LiClO4-TEC-19 + 98 vol%
95 (0.6Li2S + 0.4Li2S) + 5Li4SiO4

0.03

Less flammable

Ionic liquid + Liquid
organic

<0.0

>4.5

Non-flammable
Non-flammable
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presented.

An individual electrolyte for lithium ion batteries basically consists of a lithium salt
and a solvent. The lithium salt provides the lithium source in electrolyte for
intercalation/de-intercalation into electrodes, and the solvent provides a medium for
lithium ion diffusion. For example, the overwhelming majority of current electrolytes
are apparently based on two indispensable components: ethylene carbonate (EC) as
the solvent and lihium hexafluorophosphate (LiPF 6 ) as the solute. In most cases, one
or more linear carbonates, selected from dimethyl carbonate (DMC), diethyl
carbonate (DEC), or ethylmethyl carbonate (EMC), are also used as co-solvents to
increase the fluidity and reduce the melting point of the electrolyte, thus forming the
popular composition consisting of LiPF 6 /EC/linear carbonate(s).

 Lithium salts
As mentioned above, the most popular lithium salt as solute for electrolyte is LiPF 6 .
Among the numerous lithium salts for lithium ion batteries, LiPF 6 was the obvious
Table 2.2 Lithium Salts as Electrolyte Solutes [265].
σ/mSm-1
(1.0M, 25oC )
In PC In EC/DMC

M.Wt

Tm/oC

Tdecomp./oC
In solution

Al
corrosion

LiBF4

93.9

293

>100

N

3.4

4.9

LiBF6

151.9

200

~80

N

5.8

10.7

LiAsF6

195.9

340

>100

N

5.7

11.1

LiClO4

106.4

236

>100

N

5.6

8.4

Li+CF3SO3-

155.9

>300

>100

Y

1.7

Li+[N(SO2CF3) 2]-

286.9

234

>100

Y

5.1

Salt

Li Triflate
Li Imide
Li Beti

Structure

Li+[N(SO2CF2CF3) 2]-

N
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winner and was eventually commercialized. The success of LiPF 6 was not achieved
by any single outstanding property but, rather, by the combination of a series of wellbalanced properties with concomitant compromises and restrictions. For example, in
the commonly used carbonate solvent mixtures, it has a lower conductivity than
LiAsF 6 [266-268], a lower dissociation constant than LiIm [269], a lower ionic
mobility than LiBF 6 [269], a lower thermal stability than most of the other salts, a
lower anodic stability than LiAsF 6 and LiSbF 6 [270, 271], and a lower chemical
stability toward ambient moisture than LiClO 4 , LiIm, and LiTf. The principal
properties of traditional lithium salts as electrolyte solutes are summarized in Table
2.2 [265]. However, none of these other salts could meet all these multifaceted
requirements simultaneously as well as LiPF 6 does. According to the ionics studies
on the limiting properties in various solvents, this excellent conductivity results from
the combination of its ionic mobility and its dissociation constant, although in neither
category does LiPF 6 have the most outstanding position. The reversed order of the
above two properties clearly demonstrates the conflicting nature of the requirements
and the advantage of the well-balanced properties of LiPF 6 .
Because every solute has its individual advantages for electrolyte application, they
all have been improved to match the requirements for high quality electrolyte. Bruce
et al. developed a series of materials for electrolyte application [272-274].They
reported the structure of a polyethylene oxide (PEO):LiAsF 6 complex with a 6:1
composition [272]. Determination of the structure was carried out ab initio by
employing a method for determining molecular structures. In the 3:1 complexes, the
polymer chains form helices, while those in the 6:1 complex form double non-helical
chains, which interlock to form a cylinder. The lithium ions reside inside these
cylinders and, in contrast to other complexes, are not coordinated by the anions.
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However, the crystalline polymer electrolytes have proved elusive, raising the
question as to whether the 6:1 complex has particular structural features making it a
unique exception to the rule that only amorphous polymers conduct. Recently, they
demonstrated that ionic conductivity in crystalline polymers is not unique to the 6:1
complex by reporting several new crystalline polymer electrolytes containing
different alkali metal salts (Na+, K+ and Rb+), including the best conductor
discovered so far, poly(ethylene oxide)(8):NaAsF 6 , with a conductivity 1.5 orders of
magnitude higher than poly(ethylene oxide)(6):LiAsF 6 . These are the first crystalline
polymer electrolytes with a different composition and structures from that of the 6:1
Li+ complex [273]. They also developed higher ionic conductivity in crystalline
PEO(6):LiSbF 6 than for the same composition in the amorphous state, even above
glass transition temperature (T g ) [274]. Their results revealed a different direction in
the search for ionically conducting polymers, one which emphasizes order and
structure as important features and challenges us to seek new crystalline polymer
electrolytes with suitable structures and with partial occupancy of sites by potentially
mobile ions.
 Solvents

Organic liquids such as carbonates are good solvents for lithium salts. The most
commonly used electrolytes are carbonates or carbonate blends consisting of
ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC),
dimethyl carbonate (DMC), or ethylmethyl carbonate (EMC). EC can provide a
passivating solid electrolyte interface layer below 1.0 V. However, the carbonatebased solvents are flammable. The solute can easily decompose to LiF and PF 5 . PF 5
is reactive with trace H 2 O, which degrades the battery and lead to safety hazards
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such as HF [264]. On the other hand, the operating temperature of EC means that it is
limited to use under extreme circumstances (e.g. below -20 °C). In order to expand
the performance of EC-based electrolyte, one or two other carbonates (selected from
DMC, dimethoxyethane (DEM), or EMC) are added into EC to achieve better
electrochemical properties. PC has a wider operating temperature range than EC.
However, the overall capacity fading mechanism is more complicated than for EC.
The static stability of PC against a lithium surface is attributed to the protective layer
which arises from the decomposition of PC. In addition, organic solvents such as
esters and ethers can be used as electrolyte solvents. The principal properties of the
carbonates, esters, and ethers are summarized in Table. 2.3 [265]. During the 1990s,
various ethers were gradually phased out in most of the electrolyte systems under
investigation. The failure of ether-based electrolytes served as a perfect example to
illustrate that, in a battery, the electrolyte (solvents and salts) must compromise with
Table 2. 3 Organic Carbonates, Esters, and Ethers as Electrolyte Solvents [265].
M.Wt

Tm/oC

Tb/oC

η/cp
25oC

ε
25oC

Dipore
Moment/debye

Tp/oC

d/gcm-3
25oC

88

36.4

248

1.90

89.78

4.61

160

1.321

PC

102

-48.8

242

2.53

69.42

4.81

132

1.200

BC

116

-53

240

3.2

53

Solvent
EC

Structure

γBL

86

-43.3

204

1.73

39

4.23

97

1.199

γVL

100

-31

208

2.0

34

4.29

81

1.057

NMO

101

15

270

2.5

78

4.52

110

1.17
1.063

DMC

90

4.6

91

0.59

3.107

0.76

18

DEC

118

-74.3

126

0.75

2.805

0.96

31

EMC

104

-53

110

0.65

2.958

0.89

6.02

EA

88

-84

77

0.45

MB

102

-84

102

0.6

EB

116

-93

120

0.71

DMM

76

-105

41

0.33

2.7

2.41

DME

90

-58

84

0.46

7.2

1.15

DEE

118

-74

121

0.969
1.006

-3

0.902

11

0.898

19

0.878

-17

0.86

0

0.86

20

0.84

THF

72

-109

66

0.46

7.4

1.7

-17

0.88

2-Me-THF

86

-137

80

0.47

6.2

1.6

-11

0.85

1,3-DL

74

-95

78

0.59

7.1

1.25

1

1.06

4-Me-1,3-DL

88

-125

85

0.60

6.8

1.43

-2

0.983

2-Me-1,3-DL

88

0.54

4.39
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challenges from both the anode and the cathode. On the other hand, an advantage of
organic esters, especially cyclic alkyl carbonates, has been rediscovered because of
their excellent stability against oxidation on cathode surfaces.

Besides the organic liquid electrolyte systems, other electrolyte systems such as
inorganic liquid electrolyte [275, 276], inorganic solid electrolyte [277-279], solid
polymer electrolyte [280-282], and ionic liquid [283, 284] are also available.

The inorganic liquid electrolytes are non-flammable and safe. The electrolyte based
on LiAlCl 4 and SO 2 has a room temperature σ Li+ = 7 × 10-2 S/cm [275-276].
However, inorganic electrolytes have a small electrochemical window (~1.2 V for
water decomposition), which limits their application potential.

Compared to inorganic electrolytes, inorganic solid electrolytes have a wider
electrochemical window, and thus, all-solid-state lithium ion batteries have been
created and developed rapidly [277-279]. Since the ionic conductivity of inorganic
electrolytes is low, only some of them, which have a σ Li+ > 10-4 S/cm, can be used in
lithium ion batteries.

Solid polymer electrolytes can act as both electrolyte and separator. A solid polymer
electrolyte can also maintain contact over the whole electrode/electrolyte interface
during modest changes of the electrode volume. Polyethylene oxides (PEOs)
containing a lithium salt (LiPF 6 or LiAsF 6 ) are low-cost and non-toxic. Li-ion
polymer electrolytes have good chemical stability, but the Li-ion conductivity, σ Li+ <
10-5 S/cm at room temperature, is still too low for a high power battery system. The
introduction of oxide particles (e.g., Al 2 O 3 , TiO 2 , SiO 2 , or ZrO 2 ) [280-282] creates
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an amorphous polymer matrix by inhibiting chain crystallization and attracting Li+
from its salt. The result is an improvement of σ Li+ and Li-ion transference number,
but σ Li+ is still not comparable to that for the carbonate electrolytes.

Ionic liquids are room temperature molten salts with low melting points. The ionic
liquid electrolytes have advantages such as thermal/chemical stability, nonflammablity, high lithium salt solubility, high polarity, and low vapor pressure [283].
However, they always have high viscosity, which leadsto low ionic conductivity. The
ionic electrolytes are not stable below 1.1 V. Carbonates such as EC or VC can be
added to the ionic liquid electrolytes to enhance ionic conductivity and form a stable
SEI layer [284].

 Electrolyte/electrode compatibility
For safety consideration, whichever electrolyte is selected, the electrochemical
window of the electrolyte must be compatible with the positive/negative electrodes.
A cathode μ C (Fermi energy of cathode) at a lower energy than the electrolyte
highest occupied molecular orbital (HOMO) must be distinguished from the intrinsic
voltage limit of the cathode. As for anodes, passivation layers on cathodes are best
formed in situ so that electronic contact with the cathode current collector is not
broken [264].

In addition to chemical stability of the electrodes at higher temperatures, the
electrolyte should not be decomposed by an anode μ A (Fermi energy of anode) at a
higher energy than the electrolyte’s lowest unoccupied molecular orbital (LUMO) or
a cathode μ C at a lower energy than the HOMO. However, if μ A or μ C lie outside the
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window of the electrolyte, kinetic stability may be achieved by formation of a
passivation SEI layer on the surface of the electrode, but at the expense of the loss in
capacity to form the layer. Moreover, during a fast charge, the concentration of
lithium ions may build up on the surface of the SEI layer, and where a change in
volume of the electrode breaks the SEI layer, Li may be plated out before the break is
healed. Li plating can result in dendrites that grow across the electrolyte. This
problem creates a safety issue that has haunted the use of a carbon anode in largescale power batteries. These problems need to be managed if safety standards are to
be met with any anode, including carbon, which has its μ A above the LUMO of the
electrolyte.

2.2.4 Separator for lithium ion batteries
A separator is a porous polymer membrane placed between the cathode and anode. It
is permeable to ionic flow but prevents electrical contact of the electrodes. Separators
play a key role in all batteries. Their main function is to keep the positive and
negative electrodes apart to prevent electrical short circuits and, at the same time,
allow rapid transport of ionic charge carriers that are needed to complete the circuit
during the passage of current in an electrochemical cell [285, 286]. They should be
very good electronic insulators and have the capability of conducting ions by either
being intrinsic ionic conductors or by soaking in organic electrolyte. A number of
factors must be considered in selecting the best separator for a particular battery and
application. The characteristics of each available separator must be weighed against
the requirements, and the one selected that best fulfills these needs. A wide variety of
properties are required of separators used in batteries. The considerations that are
important and influence the selection of the separator include the following [287]:
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 Electronic insulator
 Minimal electrolyte (ionic) resistance
 Mechanical and dimensional stability
 Physical strength
 Chemical resistance to degradation by electrolyte, impurities, and electrode
reactants and products
 Efficient in preventing migration of particles or colloidal or soluble species
between the two electrodes
 Easily wetted by electrolyte
 Uniform in thickness and other properties
Table 2.4 Properties of general separators for lithium ion batteries [287].
Separator/properties

Celgard 2730

Celgard 2400

Celgard 2320

Celgard 2325

Asahi Hipore

Tonen Setela

Structure

Single layer

Single layer

Trilayer

Trilayer

Single layer

Single layer

Composition

PE

PP

PP/PE/PP

PP/PE/PP

PE

PE

Thickness (μm)

20

25

20

25

25

25

Gurley (s)

22

24

20

23

21

26

Ionic resistivitya (Ωcm2)

2.23

2.55

1.36

1.85

2.66

2.56

Porosity (%)

43

40

42

42

40

41

Melt temp (oC)

135

165

135/165

135/165

138

137

The order of importance of the various criteria varies, depending on the battery
application. Most lithium based batteries use non-aqueous electrolytes because of the
reactivity of lithium in aqueous solution and because of the stability of electrolyte at
high voltage. The majority of these cells use microporous membranes made of
polyolefins. Recently, several reviews have been published to discuss different types
of separators for various batteries [288-295]. Some general separators for lithium ion
batteries are summarized in Table. 2.4 [287]. The compositions and thicknesses of
different separators are designed for different systems.
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The ideal battery separator would be infinitesimally thin, offer no resistance to ionic
transport in electrolytes, provide infinite resistance to electronic conductivity for
isolation of electrodes, be highly tortuous to prevent dendritic growths, and be inert
to chemical reactions. A variety of separators have been used in lithium ion batteries.
Commercial separators are electronically insulating membranes whose ionic
resistivity is brought to the desired range by manipulating the membrane’s thickness
and porosity. Control of porosity is very important for separators. Specification of
percent porosity is commonly an integral part of separator acceptance criteria. Fig.
2.14 shows SEM images of surface structure of single layer (a) polypropylene
(Celgard 2400) and (b) polyethylene (Celgard 2730). It is clear that the pores are
uniformly distributed in both membranes.

It is obvious that no single separator satisfies all the needs of battery designers, and
compromises have to be made. It is ultimately the application that decides which
separator is most suitable. The parameters, such as cost of production, availability,
and long-term stability are all important. There has been a continued demand for
thinner battery separators to increase battery power and capacity. This has been
especially true for lithium ion batteries used in portable electronics. However, it is
also important to ensure the continued safety of batteries, and this is where the role
of the separator is greatest. Thus, it is essential to optimize all the components of a
battery to improve the performance while maintaining the safety of these cells.
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Fig. 2.14 SEM images of surface structure of single layer separators: (a)
polypropylene and (b) polyethylene [287].

2.3 Nanotechnology in lithium ion batteries

The first generation lithium-ion battery has LiCoO 2 and graphite electrodes that
consist of powders with millimeter-sized particles. Although the battery has a high
energy density, it is a low-power device (slow charge/discharge). No matter how
creative we are in designing new lithium intercalation hosts with higher rates, limits
exist because of the intrinsic diffusivity of the lithium ion in the solid state (~10-8
cm2/s), which inevitably limits the rate of intercalation/de-intercalation. Hence,
nanotechnology has been developed for lithium ion batteries to meet the
requirements of new generation batteries. The advantages of nanomaterials for
lithium ion batteries are [6]:

 The

reduced

dimensions

significantly

increase

the

rate

of

lithium

insertion/extraction, because of the short distances for lithium-ion diffusion
within the particles.
 Electron transport within the particles is also enhanced by nanometer-sized
particles, as described for lithium ions.
 They enable electrode reactions to occur that cannot take place in materials
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composed of micrometer-sized particles
 The high surface area permits a high contact area with the electrolyte and hence
a high lithium-ion flux across the interface.
 For very small particles, the chemical potentials for lithium ions and electrons
may be modified, resulting in a change of electrode potential (thermodynamics
of the reaction).
 The range of composition over which solid solutions exist is often more
extensive for nanoparticles, and the strain associated with intercalation is often
better accommodated.
Within the nanoscale, materials exhibit unique and attractive properties. Tarascon et
al. [227] reported that electrodes made of nanoparticles of transition-metal oxides
(MO, where M is Co, Ni, Cu, or Fe) demonstrate electrochemical capacities of 700
mAh/g, with 100% capacity retention for up to 100 cycles and high recharging rates.
The mechanism of Li reactivity differs from the classical Li insertion/deinsertion or
Li-alloying processes, and involves the formation and decomposition of Li 2 O,
accompanying the reduction and oxidation of metal nanoparticles (in the range of 1-5
nanometres), respectively. The use of transition-metal nanoparticles to enhance
surface electrochemical reactivity will lead to further improvements in the
performance of lithium ion batteries.

Cui et al. reported great improvements from using nanowires as anode materials
[202, 296]. In the case of silicon nanowires from the chemical vapor deposition
(CVD) method [202], the silicon nanowire battery electrodes can accommodate large
strain without pulverization, provide good electronic contact, and exhibit short
lithium ion migration pathway. The Si nanowire electrodes can achieve their
theoretical capacity and maintain a discharge capacity close to 75%, with almost no
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fading during cycling. Germanium (Ge) nanowires can be also fabricated by using
vapor-liquid-solid growth on metallic substrates [296]. For discharge at C/20, the
initial discharge capacity is 1141 mAh/g, and the retention is stable over 20 cycles.
High power rates were also observed up to 2C with coulombic efficiency > 99%.

Bruce et al. reported a series of highly ordered mesoporous structure materials for
lithium ion batteries [297-300]. All these novel mesoporous materials exhibit high
electrochemical performance in lithium ion batteries compared to their bulk
counterparts. Remarkably, bulk β-MnO 2 is almost electrochemically inactive for
lithium ion intercalation/de-intercalation. In the mesoporous form, lithium ions can
reversibly intercalate into mesoporous β-MnO 2 without destruction of the rutile
structure. The electrochemical properties of β-MnO 2 and its bulk counterpart are
shown in Fig. 2.15 [298]. For these novel mesoporous structure materials, the
internal pores can be flooded with electrolyte, ensuring a high surface area in contact
with the electrode and hence a high flux of lithium across the interface. Furthermore,
the porous structure can act as a uniform buffer to depress the expansion of
electrodes. Such novel nanoscale architectures, which can lead to higher energy
densities, will be an important feature of research in future years.
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Fig. 2.15 Capacity retention for mesoporous β-MnO 2 cycled at a) 15,
b) 30, and c) 300 mA/g; d) bulk b-MnO2 cycled at 15 mA/g
(Inset is the TEM image of mesoporous β-MnO 2 ).
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Chapter 3
Experimental Methods

3.1 Overview

To design the nanostructured materials for lithium ion batteries, the main outline of
research steps includes: (I) the preparation of active materials, (II) material
characterization, and (III) electrochemical measurements. The logical framework of
the experimental part of this thesis is illustrated in Fig. 3.1.

Fig 3.1 The framework of the research strategy in this thesis.
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3.2 Preparation of active materials

In this thesis, the synthesis methods to prepare nanostructured materials include (i)
the hydrothermal (or soft template) method, (ii) the hard template method (from
mesoporous silica templates), (iii) the sol-gel method, and (iv) the precipitation
method.

3.2.1 Hydrothermal method

Hydrothermal synthesis includes the various techniques of crystallizing substances
from a high-temperature aqueous solution at high vapor pressure. The term
“hydrothermal” is of geological origin. Geochemists and mineralogists have studied
hydrothermal phase equilibria since the beginning of the 20th century. The
hydrothermal method is also a popular facile method to prepare nanomaterials for
lithium ion batteries [301].

Hydrothermal synthesis can be defined as a method of synthesis of single crystals
which depends on the solubility of minerals in hot water (or any other solvent) under
high pressure. The crystal growth is performed in an apparatus consisting of a steel
pressure vessel called an autoclave, in which a nutrient is supplied along with a
solvent. A gradient of temperature is maintained at the opposite ends of the growth
chamber so that the hotter end dissolves the nutrient and the cooler end causes seeds
to undergo additional growth. The advantages of the hydrothermal method over other
types of crystal growth include the ability to create crystalline phases which are not
stable at the melting point. Also, materials which have a high vapor pressure near
their melting points can also be grown by the hydrothermal method. The method is
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also particularly suitable for the growth of large, good-quality crystals, while
maintaining good control of their morphologies. Disadvantages of the method
include the need for expensive autoclaves and the impossibility of observing the
crystal as it grows.

The device for hydrothermal synthesis is the above-mentioned autoclave. A
photograph of an autoclave, which is made up of an inner Teflon reactor and an outer
stainless steel protector is shown in Fig. 3.2. The blowhole at the top part of protector
is used to release gas and avoid explosion when the interior pressure is extremely
high. The liquid volume is controlled to be 1/2 - 2/3 of the volume of the Teflon
reactor. More preparation details for Fe 2 O 3 nanorods and nanowires will be given in
Chapters 4 and 5.

Fig. 3.2 Photograph of an autoclave, including a Teflon vessel and a stainless steel protector.

3.2.2 Hard template method

The hard template method is an effective technology to produce negative replicas
from inorganic porous templates (e.g. anodic aluminum oxide (AAO) or mesoporous
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silica). The creation of periodically ordered, uniform pore systems in the submicron
size range requires the aid of one or more chemical species to direct the formation of
the inorganic phase in a suitable way. Many species can grow inside the pores of the
templates, and the pore networks can be negatively replicated [302]. The desired
material is formed with the porogenic species being incorporated into the solid
structure, resulting in a composite from which the porogen is finally removed to
yield the pore system. In strict terms, the porogen is called a “template” only if the
relationship between its own structure or chemical nature and the resulting solid
structure in the porous material is univocal, that is, if the choice of a specific
porogenic species will lead to a unique pore structure which cannot be realized by a
different porogen.

In this thesis, mesoporous silica templates are
used to prepare mesoporous metal oxides. The
geometric

structure

controlled

by

using

of

oxides

different

can

be

types

of

mesoporous silica, such as 2-dimensional
hexagonal SBA-15 and 3-dimensional cubic
KIT-6. The schematic route for mesoporous
oxides (2-dimensional hexagonal structure) is
shown in Fig. 3.3. After the precursor is
Fig. 3.3 Schematic drawing of the

successfully impregnated into the porous

structure replication concept [302].

structure and converted to the final desirable
phase, the template can be removed by etching with HF or NaOH.

3.2.3 Sol-gel method
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The sol-gel process is a wet-chemical technique widely used in the fields of materials
science and ceramic engineering. Such methods are used primarily for the fabrication
of materials, starting from a chemical solution (or sol) that acts as the precursor for
an integrated network (or gel) of either discrete particles or networks. In this
chemical procedure, the sol (or solution) gradually evolves towards the formation of
a gel-like diphasic system containing both a liquid phase and a solid phase whose
morphologies range from discrete particles to continuous polymer networks. In the
case of the colloid, the volume fraction of particles (or particle density) may be so
low that a significant amount of fluid may need to be removed initially for the gellike properties to be recognized. This can be accomplished in any number of ways.
The simplest method is to allow time for sedimentation to occur, and then pour off
the remaining liquid. Removal of the remaining liquid (solvent) phase requires a
drying process, which is typically accompanied by a significant amount of shrinkage
and densification. The rate at which the solvent can be removed is ultimately
determined by the distribution of porosity in the gel. The ultimate structure of the
final component will clearly be strongly influenced by the changes imposed upon the
structural template during this phase of processing.

The sol-gel method is an important way to improve electrochemical properties of
electrode materials for lithium secondary batteries [303]. With the development of
sol-gel methods in combination with other technologies, new and better electrode
materials with unique properties will come into existence, e.g., inorganic–organic
nanocomposite cathode materials. In addition, the sol-gel method can be used to
prepare nanomaterials, which have become more and more important in science and
technology.
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3.2.4 Precipitation method

Natural methods of precipitation include settling or sedimentation, where a solid
forms over a period of time due to ambient forces such as gravity or centrifugation.
Chemical precipitation is the formation of a solid in a solution or inside another solid
during a chemical reaction or by diffusion in a solid. When the reaction occurs in a
liquid, the solid formed is called the precipitate, or when compacted by a centrifuge,
a pellet. The liquid remaining above the solid is in either case called the supernate or
supernatant. During chemical reactions, precipitation may also occur particularly if
an insoluble substance is introduced into a solution and the density happens to be
greater (as otherwise the precipitate would float or form a suspension). With soluble
substances, precipitation is accelerated once the solution becomes supersaturated.

In this thesis, the precipitation method is introduced to prepare oxide coated LiFePO 4 .
It is necessary to pretreat the surface of the solid core, so that the precipitation
chemical reaction can occur on the interface between the solid and the solution. The
details will be given in Chapter 9.

3.3 Characterization and measurement methods

3.3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a method for determining the arrangement of atoms
within a crystalline structure, in which a beam of X-rays strikes a crystal and is
diffracted into many specific directions [304]. From the angles and intensities of
these diffracted beams, a crystallographer can produce a three-dimensional picture of
the density of electrons within the crystal. From this electron density, the mean
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positions of the atoms in the crystal can be determined, as well as their chemical
bonds, their disorder, and various other information.

Crystals are regular arrays of atoms, and X-rays can be considered waves of
electromagnetic radiation. Atoms scatter X-ray waves, primarily through the atoms'
electrons. Just as an ocean wave striking a lighthouse produces secondary circular
waves emanating from the lighthouse, so an X-ray striking an electron produces
secondary spherical waves emanating from the electron. This phenomenon is known
as elastic scattering, and the electron (or lighthouse) is known as the scatterer. A
regular array of scatterers produces a regular array of spherical waves. Although
these waves cancel one another out in most directions through destructive
interference, they add constructively in a few specific directions, determined by
Bragg’s law:

nλ = 2dsinθ

where d is the spacing between diffracting planes,

(Eq. 3.1)

θ is the incident angle, n is any

integer, and λ is the wavelength of the beam. The incoming beam causes each
scatterer to re-radiate a small portion of its intensity as a spherical wave. If scatterers
are arranged symmetrically with a separation d, these spherical waves will be
synchronised only in directions where their path-length difference 2dsinθ equals an
integer multiple of the wavelength λ. In that case, part of the incoming beam is
deflected by an angle 2θ, producing a reflection spot in the diffraction pattern.

The size of the polycrystalline particles, D, can be calculated according to the
Scherrer equation [304],
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D = kλ / β cos θ

(Eq. 3.2)

where the parameters k, λ, β, and θ correspond to the shape factor (normally assigned
a value of 0.89), the wavelength of the X-rays (0.15406 nm), the half-peak width,
and the Bragg angle, respectively.

The XRD instruments used in this thesis are a DBC MMA and a Philips 1730 for
wide angle XRD in UoW. In UQ, the XRD equipment is a Bruker D8 Advacned Xray diffractometer for both small angle and wide angle XRD testing. All of the XRD
devices used in this thesis employ Cu Kα radiation (λ = 0.15406 nm).

3.3.2 Electron microscopy

Theoretically, the maximum resolution, d, that one can obtain with a light
microscope is limited by the wavelength, λ, of the photons that are being used to
probe the sample, α, the observation angle, and the numerical aperture of the system,
NA [305].

d=

λ
λ
≈
2 NA
2nθsin

(Eq. 3.3)

The spatial resolution of the electron microscope depends on the size of the electron
spot, which, in turn, depends on both the wavelength of the electrons and the electro
n-optical system which produces the scanning beam. The resolution is also limited b
y the size of the interaction volume, or the extent to which the material interacts with
the electron beam. The spot size and the interaction volume are both large compared
to the distances between atoms, so the resolution of the scanning electron microscop
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e (SEM) is not high enough to image individual atoms, as is possible in the shorter w
avelength (i.e. higher energy) transmission electron microscope (TEM).

Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy electron beam in a
raster scan pattern [305]. The electrons interact with the atoms that make up the
sample, producing signals that contain information about the sample’s surface
topography, composition, and other properties, such as electrical conductivity.

The types of signals produced by an SEM include secondary electrons, backscattered electrons (BSE), characteristic X-rays, light cathodoluminescence,
specimen current, and transmitted electrons. Secondary electron detectors are
common in all SEMs, but it is rare that a single machine would have detectors for all
possible signals. The signals result from interactions
of the electron beam with atoms at or near the
surface of the sample. In the most common or
standard

detection

mode,

secondary

electron

imaging (SEI), the SEM can produce very highresolution images of a sample surface, revealing
details less than 1 to 5 nm in size.

In

a

typical

SEM,

an

electron

beam

is

thermionically emitted from an electron gun fitted
with a tungsten filament cathode. Tungsten is

Fig. 3.4 Schematic configuration
of SEM.
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normally used in thermionic electron guns because of its low cost. Furthermore, it
has the highest melting point and lowest vapor pressure of all metals, thereby
allowing it to be heated for electron emission. Other types of electron emitters
include lanthanum hexaboride (LaB 6 ) cathodes, which can be used in a standard
tungsten filament SEM if the vacuum system is upgraded, and field emission guns
(FEG), which may be of the cold-cathode type using tungsten single crystal emitters
or the thermally-assisted Schottky type, using emitters of zirconium oxide. The
configuration of an SEM device is shown as Fig. 3.4. The electron beam, which
typically has an energy ranging from 0.5 keV to 40 keV, is focused by one or two
condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The beam passes
through pairs of scanning coils or pairs of deflector plates in the electron column,
typically in the final lens, which deflects the beam in the x and y directions so that it
scans in a raster fashion over a rectangular area of the sample surface.

The scanning electron microscope images in this thesis were collected from the SEM
(JEOL JEM-3000) and FESEM (JEOL JSM 6460) instruments in ISEM.

Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby an
electron beam is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through [306]. An image is formed from the interaction of the
electrons transmitted through the specimen; the image is magnified and focused onto
an imaging device, such as a fluorescent screen, or a layer of photographic film, or
for detection by a sensor such as a charge coupled device (CCD) camera.
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Fig. 3.6 Schematic figure of optical components in a basic TEM

TEMs are capable of imaging at a significantly higher resolution than light
microscopes and SEM, owing to the small wavelength and high energy of electrons.
This enables the users to examine fine detail, even as small as a single column of
atoms, which is tens of thousands times smaller than the smallest resolvable object in
a light microscope. TEM is a major analysis method in a range of scientific fields, in
both physical and biological sciences. TEMs find application in cancer research,
virology, and materials science, as well as pollution and semiconductor research.

The schematic configuration of a TEM is shown in Fig 3.5. From the top down, the
TEM consists of an emission source, which may be a tungsten filament, or a
lanthanum hexaboride (LaB 6 ) source [307]. For tungsten, this will be in the form of
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either a hairpin-style filament, or a small spike-shaped filament. LaB 6 sources utilize
small single crystals. By connecting this gun to a high voltage source (typically
~100-300 kV) the gun will, given sufficient current, begin to emit electrons either by
thermionic or field electron emission into the vacuum. This extraction is usually
aided by the use of a Wehnelt cylinder. Once extracted, the upper lenses of the TEM
allow for the shaping of the electron probe to the desired size and location for later
interaction with the sample [308]. Manipulation of the electron beam is performed
using two physical effects. The interaction of electrons with a magnetic field will
cause electrons to move according to the right hand rule, thus allowing for
electromagnets to manipulate the electron beam. The use of magnetic fields allows
for the formation of a magnetic lens of variable focusing power, with the lens shape
arising from to the distribution of magnetic flux. Additionally, electrostatic fields can
cause the electrons to be deflected through a constant angle. Coupling of two
deflections in opposing directions with a small intermediate gap allows for the
formation of a shift in the beam path, which is used in TEM for beam shifting and
subsequently has become extremely important to scanning tunneling electon
microscopy (STEM). From these two effects, as well as the use of an electron
imaging system, sufficient control over the beam path is possible for TEM operation.
The optical configuration of a TEM can be rapidly changed, unlike that for an optical
microscope, as lenses in the beam path can be enabled, have their strength changed,
or be disabled entirely, simply via rapid electrical switching, the speed of which is
limited by effects such as the magnetic hysteresis of the lenses.

The TEM model in the Faculty of Engineering, UoW, is a JEOL 2011. The normal
accelerating voltage is 200 kV for operation.
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3.3.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is an analysis method that is performed on
samples to determine changes in weight in relation to change in temperature. Such
analysis relies on a high degree of precision in three measurements: weight,
temperature, and temperature change. As many weight loss curves look similar, the
weight loss curve may require transformation before results may be interpreted. A
derivative weight loss curve can be used to tell the point at which weight loss is most
apparent. Again, interpretation is limited without further modifications, and
deconvolution of the overlapping peaks may be required. TGA is commonly
employed in research and testing to determine characteristics of materials such as
polymers, to determine degradation temperatures, absorbed moisture content of
materials, the level of inorganic and organic components in materials, decomposition
points of explosives, and solvent residues. It is also often used to estimate the
corrosion kinetics in high temperature oxidation.

Differential scanning calorimetry (DSC) in combined TGA - differential thermal
analysis (DTA) can measure both heat flow and weight changes in a material as a
function of temperature or time in a controlled atmosphere. Simultaneous
measurement of these two properties not only improves productivity, but also
simplifies interpretation of the results. The complementary information obtained
allows differentiation between endothermic and exothermic events which have no
associated weight loss (e.g., melting and crystallization) and those which involve a
weight loss (e.g., degradation).

The TGA instrumetn used in this thesis is a TA Instruments Q500 (USA) using a
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platinum plate as holder.

3.3.4 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a system [309]. It relies on inelastic
scattering, or Raman scattering, of monochromatic light, usually from a laser in the
visible, near infrared, or near ultraviolet range. The laser light interacts with
molecular vibrations, phonons, or other excitations in the system, resulting in the
energy of the laser photons being shifted up or down. The shift in energy gives
information about the phonon modes in the system.

Fig. 3.6 Schematic diagram of Raman spectroscopy working mechanism.

A schematic energy level diagram of the states involved in a Raman signal is shown
as Fig. 3.6. Typically, a sample is illuminated with a laser beam. Light from the
illuminated spot is collected with a lens and sent through a monochromator.
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Wavelengths close to the laser line, due to elastic Rayleigh scattering, are filtered out
while the rest of the collected light is dispersed onto a detector. The Raman effect
occurs when light impinges upon a molecule and interacts with the electron cloud
and the bonds of that molecule. For the spontaneous Raman effect, which is a form
of scattering, a phonon excites the molecule from the ground state to a virtual energy
state. When the molecule relaxes, it emits a photon, and it returns to a different
rotational or vibrational state. The difference in energy between the original state and
this new state leads to a shift in the emitted photon's frequency away from the
excitation wavelength. The Raman effect, which is a light scattering phenomenon,
should not be confused with absorption (as with fluorescence) where the molecule is
excited to a discrete (not virtual) energy level.

The Raman spectra were measured by using a Jobin Yvon HR800 confocal Raman
system with 632.8 nm diode laser excitation on a 300 lines/mm grating at room
temperature.

3.3.5 N 2 sorption method

N 2 adsorption measurements are widely used for determining the surface area and
pore size distribution of a variety of different solid materials, such as industrial
adsorbents, catalysts, pigments, ceramics, and building materials [310]. The
measurement of adsorption at the gas/solid interface also forms an essential part of
many fundamental and applied investigations into the nature and behavior of solid
surfaces.

Although the role of gas adsorption in the characterization of solid surfaces is firmly
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established, there is still a lack of general agreement on the evaluation, presentation
and interpretation of adsorption data. Unfortunately, the complexity of most solid
surfaces, especially those of industrial importance, makes it difficult to obtain any
independent assessment of the physical significance of the quantities derived (e.g. the
absolute magnitude of the surface area and pore size) [311].

In this dissertation, nitrogen sorption was measured by using a Quadrasorb SI
analyzer at 77 K in liquid nitrogen. The Brunauer-Emmett-Teller (BET) surface area
was calculated using experimental points at a relative pressure of P/P0 = 0.05-0.25.
The pore size distribution was derived from the adsorption branch using the BarrettJoyner-Halenda (BJH) method. The total pore volume was estimated by the nitrogen
amount adsorbed at a relative pressure (P/P0) of 0.99.

3.4 Electrode fabrication and cell assembly

3.4.1 Electrode fabrication

The electrodes were made up by mixing the active materials with carbon black (CB)
and a binder, poly(vinylidene fluoride) (PVdF), at a special weight ratio (e.g.
85:10:5), in N-methyl-2-pyrrolidone (NMP) solvent. The slurry was uniformly
pasted on Cu (for anodes) or Al (for cathodes) foil with a blade. These prepared
electrode sheets were dried at 120 °C in a vacuum oven overnight and pressed under
a pressure of approximately 200 kg cm-2. The prepared electrodes were moved into a
glove box for cell assembly.

3.4.2 Cell assembly
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Fig. 3.7 Cross-section of a 2032-type cell.

The cell assembly was carried out in an Ar filled glove box. 2032-type coin cells
were assembled for electrochemical characterization. The cross-section of a cell is
shown in Fig. 3.7. Generally, the components were put into the can in the order of
active materials, separator, lithium foil, and gasket. The electrolyte was added on
both sides of the separator. The electrolyte was 1 M LiPF 6 in a 1:1 mixture of
ethylene carbonate and dimethyl carbonate. After the gasket was covered by the
anode cap, the cell was sealed by a presser. The cells were aged 24 hours before
electrochemical testing.

3.5 Electrochemical measurement methods

Electrochemistry is the branch of chemistry concerned with the interrelation of
electrical and chemical effects [312]. A large part of this field deals with the study of
chemical changes caused by the passage of an electric current and the production of
electrical energy by chemical reactions. In fact, the field of electrochemistry
encompasses a huge array of different phenomena (e.g., electrophoresis and
corrosion), devices (electrochromic displays, electro-analytical sensors, batteries, and
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fuel cells), and technologies (the electroplating of metals and the large-scale
production of aluminum and chlorine). While the basic principles of electrochemistry
discussed in this text apply to all of these, the main emphasis here is on the
application of electrochemical methods to the study of chemical systems.

Scientists make electrochemical measurements on chemical systems for a variety of
reasons. They may be interested in obtaining thermodynamic data about a reaction.
They may want to generate an unstable intermediate such as a radical ion and study
its rate of decay or its spectroscopic properties. They may seek to analyze a solution
for trace amounts of metal ions or organic species. In these examples,
electrochemical methods are employed as tools in the study of chemical systems in
just the way that spectroscopic methods are frequently applied. There are also
investigations in which the electrochemical properties of the systems themselves are
of primary interest, for example, in the design of a new power source or for the
electrosynthesis of some product. Many electrochemical methods have been devised.
Their application requires an understanding of the fundamental principles of
electrode reactions and the electrical properties of electrode-solution interfaces.

In this thesis, electrochemical measurements such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy, and galvanostatic charge/discharge were
used to evaluate the electrochemical performance of electrode materials.

3.5.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical
measurement. In a cyclic voltammetry experiment the working electrode potential is
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ramped linearly versus time as in linear sweep voltammetry. Cyclic voltammetry
takes the experiment a step further than linear sweep voltammetry, which ends when
it reaches a set potential. When cyclic voltammetry reaches a set potential, the
working electrode's potential ramp is inverted. This inversion can happen multiple
times during a single experiment. The current at the working electrode is plotted
versus the applied voltage to give the cyclic voltammogram trace. Cyclic
voltammetry is generally used to study the electrochemical properties of an analyte
in solution [313].

The utility of cyclic voltammetry is highly dependent on the analyte being studied.
The analyte has to be redox active within the experimental potential window. It is
also highly desirable for the analyte to display a reversible wave. A reversible wave
occurs when an analyte is reduced or oxidized on a forward scan and is then
reoxidized or re-reduced in a predictable way on the return scan [314].

Even reversible couples contain polarization overpotential and thus display a
hysteresis in absolute potential between the reduction (E pc ) and oxidation peaks
(E pa ). This overpotential emerges from a combination of analyte diffusion rates and
the intrinsic activation barrier involved in transferring electrons from an electrode to
the analyte. Conveniently, in an ideal system, the relationship is reduced to that for
an n electron process, which is shown as Eq. 3.4 [315].

|E pc - E pa | = 57 mV/n

(Eq. 3.4)

The method uses a reference electrode, working electrode, and counter electrode
which, in combination, are sometimes referred to as a three-elecrode setup.
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Electrolyte is usually added to the test solution to ensure sufficient conductivity. The
combination of the solvent, electrolyte, and specific working electrode material
determines the range of the potential. However, the testing system in this thesis is
based on a two-electrode model. The lithium foil acts as both reference electrode and
counter electrode. The instruments for CV testing were CHI 660B and 660C
electrochemical workstations.

3.5.2 Electrochemical impedance spectroscopy (EIS)

The technique where cell or electrode impedance is plotted vs. frequency is called
electrochemical impedance spectroscopy (EIS) [312]. This method determines the
values of resistance and capacitance that, in series, behave as the cell does at the
measurement frequency. The impedance is measured as a function of the frequency
of the ac source. In modern practice, the impedance is usually measured with lock-in
amplifiers or frequency-response analyzers, which are faster and more convenient
than impedance bridges. Theory is required to interpret the equivalent resistance and
capacitance values in terms of interfacial phenomena. The mean potential of the
working electrode is simply the equilibrium potential determined by the ratio of
oxidized and reduced forms of the couple. Measurements can be made at other
potentials by preparing additional solutions with different concentration ratios. The
faradaic impedance method, including EIS, is capable of high precision and is
frequently used for the evaluation of heterogeneous charge-transfer parameters and
for studies of double-layer structures.

It is also an experimental method for characterizing electrochemical systems. This
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technique measures the impedance of a system over a range of frequencies, revealing
the frequency response of the system, including the energy storage and dissipation
properties. Often, data obtained by EIS is expressed graphically in a Bode plot or a
Nyquist plot. EIS normally involves excitation signals of very low amplitude, and
they depend essentially on the fact that current-overpotential relations are virtually
linear at low overpotentials.

In this thesis, the EIS data were collected from a Princeton Applied Research 2273
electrochemical workstation. The excitation voltage applied to the cells was 5 mV
and the frequency range was from 100 kHz to 10 mHz at room temperature. For
activation energy calculations, the measurements were carried out between 100 kHz
to100 mHz at different temperatures of 35, 40, 45, and 50 °C.

3.5.3 Galvanostatic electrochemical testing

The capacity is the most critical criterion used to evaluate an electrode material.
Generally, the capacity is the product of the current (A) multiplied by the time (s).
The galvanostatic testing of coin cells were conducted using different voltage cutoffs (depending on the anode and cathode type, e.g. 0.01-3.0 V for anode and 2.5-4.2
V for cathode). The test cells also were monitored at different charge/discharge
currents. In lithium ion battery testing, the C rate is defined to evaluate the capacity
of electrodes at different charge/discharge currents. In units of current per mass of
cell, as well as the C/n rate convention, n is the time (h) for complete charge or
discharge at the nominal capacity. For instance, the theoretical capacity of LiFePO 4
is 170 mAh/g. A 1C rate corresponds to a current rate of 170 mA/g, which gives
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complete discharge in 1 h in the ideal case. A 20C rate corresponds to 3.4 A/g, with
complete discharge in 3 min. The galvanostatic electrochemical measurements in this
thesis were collected on a Neware battery testing system.
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Chapter 4
Electrochemical Performance of 1-Dimensional α-Fe 2 O 3
Nanorods as Anode

4.1 Abstract

α-Fe 2 O 3 nanorods were synthesized by a facile hydrothermal method. The asprepared α-Fe 2 O 3 nanorods have a high quality crystalline nanostructure with
diameters in the range of 60 – 80 nm and lengths extending from 300 nm to 500 nm.
The crystal structure of the α-Fe 2 O 3 nanorods was characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM). The α-Fe 2 O 3 nanorod anodes exhibit a stable specific capacity of 800
mAh/g, showing significantly improved electrochemical performance compared to
that of commercial microcrystalline α-Fe 2 O 3 powders in lithium-ion cells.

4.2 Introduction

One-dimensional (1D) nanomaterials have attracted great interest in the fields of
nanoscience and nanotechnology because of their unique morphology and properties
[316-318]. 1D Fe 2 O 3 has been widely investigated in many technological fields for
applications such as energy materials for lithium ion storage, gas sensors, catalysts,
and magnetic applications [316-323]. Iron oxides have been synthesized in a variety
of 1D morphologies, such as nanowires [324, 325], nanorods [319, 326, 327],
nanotubes [328,329], nanoflakes [232], and novel core-shell structures [330].
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Many transition metal oxides have been investigated as anode materials for lithium
ion batteries [227, 331]. Among them, Fe 2 O 3 has been widely investigated because
of its low cost and environmental friendliness. The Fe 2 O 3 crystal lattice can store six
Li per formula unit, and the theoretical capacity of Fe 2 O 3 is as high as 1005 mAh/g,
which is much higher than that of commercial graphite anode materials (372 mAh/g).
Thus, the use of Fe 2 O 3 as a lithium ion storage material is potentially important to
achieve new anode materials with high capacity for lithium-ion batteries [319,332336]. The mechanism of lithium ion intercalation/de-intercalation in Fe 2 O 3 materials
can be described by the following equation:

Fe 2 O 3 + 6Li ↔ 3Li 2 O + 2Fe

（Eq. 6.1）

It is suggested that lithium ion initially intercalates into the lattice of alpha phase
Fe 2 O 3 during the discharging step, and then the Fe is driven out from the lattice to
form nano-Fe clusters in a Li 2 O matrix at the end of the discharge process [337-340].
The extraction of lithium ion from Li 2 O is thermodynamically impossible. However,
it becomes feasible for nanosize materials, as has been demonstrated previously
[227]. After the formation of Fe clusters, the lithium ions can not further insert
themselves into the metal to form the alloy, which is totally different from the
intercalation mechanism of other materials such as Sn, Ge, and Si. This difference is
due to the fact that most of the transition metal oxide materials crystallize in a
rocksalt structure that does not contain any available empty sites to host lithium ions.
Therefore, none of the 3d metals were considered to form alloys with lithium. During
the subsequent charging step, the nano-Fe clusters are oxidized back into Fe 2 O 3 .
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Capacity fading is the main issue for all transition metal oxides considered as anode
materials for lithium-ion batteries. Because of their high capacity (~1000mAh/g), 2-3
lithium ions per unit are insert/extract to the crystalline oxides, which causes huge
volume change during the charge/discharge processes. One of the approaches is
using nanoscale oxides as electrode materials, which can depress the volume change
of particles. Nanosize materials also can provide high surface area and high
reactivity for lithium ion insertion/extraction.

In this chapter, we report a facile method with low-cost starting materials (FeCl 3 and
urea) to synthesize α-Fe 2 O 3 nanorods as anode material for lithium ion batteries. The
particles of Fe 2 O 3 nanorods are made uniform in size by using the urea as a structure
directing agent. The electrochemical performance of the α-Fe 2 O 3 nanorods has been
significantly improved compared to that of commercial microcrystalline Fe 2 O 3
powders.

4.3 Experimantal

The α-Fe 2 O 3 nanorods were synthesized via a hydrothermal method. 0.324 g iron
chloride (FeCl 3 , 2 mmol) and 0.3 g urea (CO(NH 2 ) 2 , 5 mmol) were dissolved in 15
mL distilled water by magnetic stirring. The solution was sealed in a 30 ml Teflonlined stainless steel autoclave and kept at 120 oC for 10 hours. After cooling down to
room temperature, the precipitate was washed three times with distilled water and
another three times with ethanol, and then dried in a vacuum oven at 50 oC overnight.
The final Fe 2 O 3 nanorods were obtained by sintering the precursor at 500 oC for 2
hours.
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The α-Fe 2 O 3 nanorod anode electrodes were made up by mixing the active materials
with acetylene black (AB) and a binder, poly(vinylidene fluoride) (PVdF), at weight
ratios of 60:20:20, 50:30:20, and 40:40:20, respectively, in N-methyl-2-pyrrolidone
(NMP) solvent. In contrast, the commercial Fe 2 O 3 (Aldrich) electrodes were made
with the recipe of active materials: AB: PVdF = 60:20:20. The resultant slurries were
uniformly pasted on Cu foil with a blade. These prepared electrode sheets were dried
at 120 oC in a vacuum oven for 12 hours and pressed under a pressure of
approximately 200 kg/cm2. CR2032-type coin cells were assembled in a glove box
for electrochemical characterization. The electrolyte was 1 M LiPF 6 in a 1:1 mixture
of ethylene carbonate and dimethyl carbonate. Li metal foil was used as the counter
and reference electrode.

The microstructure and morphology of the α-Fe 2 O 3 nanorods were characterized by
X-ray diffraction (XRD, Philips 1730) in the 2 theta degree range from 15° to 60°,
scanning electron microscopy (SEM, JEOL JEM-3000), and transmission electron
microscopy (TEM, JEOL 2011). The cells were galvanostatically charged and
discharged at a current density of 0.1 C within the range of 0.01 V to 3 V. Cyclic
voltammetry (CV) curves were measured at 0.1 mV/s within the range of 0.01 - 3.0
V. In the electrochemical impedance spectroscopy (EIS) measurements, the
excitation voltage applied to the cells was 5 mV and the frequency range was
between 100 kHz and 10 mHz. Both the CV and EIS measurements were carried out
on an electrochemistry workstation (CHI660C).

4.4 Results and discussion
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Fig. 4.1 shows XRD patterns of the commercial and nanorod Fe 2 O 3 that were
collected using Cu Kα radiation (λ = 0.15406 nm). The diffraction patterns confirm
that both the crystal structures are coincident with the standard hematite (α-Fe 2 O 3 )
structure, JCPDS card No.33-0664. From the XRD pattern of the nanorods, no
characteristic peak was detected from other impurities such as α-FeOOH, Fe 3 O 4 , γFe2O 3 , or other inorganic ions, indicating that the nanorods are of a single-phase
rhombohedral crystal structure after the 500 oC annealing.

Fig. 4.1 X-ray diffraction pattern of the α-Fe2O3 nanorods compared with commercial
powders.

The SEM images revealed the morphologies of the commercial and nanorod α-Fe 2 O 3 ,
as are shown in Fig. 4.2(a) and (b). From Fig. 4.2(a), it can be seen that the particle
shapes of the commercial microcrystalline Fe 2 O 3 are not regular. The sizes of
commercial Fe 2 O 3 particles are in range of 150-300 nm. The wide size distribution
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may cause unequal diffusion pathways for lithium ions inserted/extracted into/out of
different particles. It is clear that the size distribution of the nanorods is uniform. The
diameters of the nanorods are in the range of 60 – 80 nm, and the length of the
nanorods is around 300 – 500 nm. The highly uniform size of nanorods can have
benefits for the lithium ions diffusion, enhancing the electrochemical performance at
high rates.

Fig. 4.2. SEM images of the (a) commercial Fe2O3 and (b) α-Fe2O3 nanorods.
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The TEM image shown in Fig. 4.3(a) is in agreement with the SEM image and
confirms the size distribution at higher magnification. It also shows that the nanorods
are partially agglomerated. The agglomeration is mainly due to the thermal treatment
at 500 °C. Fig. 4.3 (b) is a high resolution TEM (HRTEM) image of a typical single
crystalline nanorod. The HRTEM image clearly shows the interplanar spacing of
0.27 nm for the (104) crystal planes, which is well matched with the standard d 104
value of hexagonal hematite.

Fig. 4.3. TEM images of Fe 2 O 3 nanorods: (a) low magnification view, (b) high
resolution TEM image.
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Fig. 4.4(a) shows cyclic voltammograms of commercial microcrystalline Fe 2 O 3
powder anode for the first 3 cycles at the scanning rate of 0.1 mV/s. It is clear that
there is a substantial difference between the first and the subsequent cycles. In the
first cycle, there is a spiky peak that appears at about 0.5 V in the cathodic process,
which could be associated with the electrolyte decomposition and the reversible
conversion reaction of lithium ion intercalation to form Li 2 O. An anodic peak is also
present at about 1.75 V, corresponding to the reversible oxidation of Fe0 to Fe3+.
During the anodic process, both the peak current and the integrated area of the anodic

Fig. 4.4. (a) Cyclic voltammograms of microcrystalline Fe2O3 powder electrode for first 3
cycles. (b) Corresponding CV curves of Fe2O3 nanorod electrode. Scanning rate: 0.1 mV/s
in the range of 0.01 - 3.0 V.
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peak are decreased, indicating the capacity loss during the charge process. In the
subsequent cycles, the cathodic/anodic peak potentials shift to 0.95 and 1.80 V,
respectively. Fig. 4.4(b) shows the cyclic voltammograms of the Fe 2 O 3 nanorods for
the first 3 cycles. Compared to the microcrystalline Fe 2 O 3 electrode, both the peak
current and the integrated peak area of the nanorods are much higher, indicating that
the Fe 2 O 3 nanorod electrode has higher capacity and reaction activity. The CV
curves of the Fe 2 O 3 nanorod electrode are stable and well matched after the second
cycle. The enhancement of the reactivity of the Fe 2 O 3 nanorods in the lithium ion
intercalation/de-intercalation processes can remarkably improve the electrochemical
performance of Fe 2 O 3 as an anode material.

Nyquist plots of the ac impedance for the microcrystalline Fe 2 O 3 powders and Fe 2 O 3
nanorods, which were collected in the open circuit voltage state using fresh cells, are
shown in Fig. 4.5. Both profiles exhibit a semicircle in the high frequency region and

Fig. 4.5. Nyquist plots of ac impedance spectra in the frequency range between 100
kHz and 10 mHz. (Fresh cells were used, with measurements in the open circuit

state.)
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a straight line in the low frequency region. In the low frequency region, the straight
beeline represents typical Warburg behaviour, which is related to the diffusion of
lithium ions in the active anode material. The depressed semicircle in the moderate
frequency region is attributed to the charge transfer process. The numerical value of
the diameter of the semicircle on the Z re axis gives an approximate indication of the
charge transfer resistance (R ct ). Comparing the semicircles of the samples in the
moderate frequency region, the charge transfer resisitance of the microcrystalline
powder electrode is as high as 750 Ω, while that of the nanorod electrode is only
about 250 Ω. This effect can also be attributed to the facile charge transfer at the
nanorod/electrolyte interface and also within the Fe 2 O 3 nanorods, due to their onedimensional structure and nanosize scale.

The details of lithium ion migration dynamics were investigated by the impedance
method [312]. The linear plots in the low frequency region are ascribed to typical
diffusion of lithium ions in the anode material. The lithium ion diffusion coefficient,
D, could be calculated from the low frequency plots according to the following
equation:

D = R2T2/2A2n4F4C2σ2

（Eq. 6.2）

where R is the gas constant, T is the absolute temperature, A is the surface area of the
cathode, n is the number of electrons per molecule during oxidization, F is the
Faraday constant, C is the concentration of lithium ions, and σ is the Warburg factor,
which is relative with Z re .

Z re = R D + R L + σω-1/2
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The relationship between Z re and the reciprocal square root of the angular frequency
(ω-1/2) in the low frequency region is shown in Fig. 4.6. The diffusion coefficients of
lithium ions in the commercial and nanorods Fe 2 O 3 are 3.094 × 10-19 cm2/s and 4.329
× 10-19 cm2/s, respectively. This enhancement of the lithium diffusion coefficient of
Fe 2 O 3 nanorods can dramatically improve the lithium ion dynamics in electrode
materials.

Fig. 4.6. The relationship between Z re and ω-1/2 at low frequency
(black blocks: commercial; red dots: nanorods ).

The α-Fe 2 O 3 nanorods were tested as anode materials in lithium-ion cells with
different weight ratios of conductive carbons (20%, 30%, and 40%). The
electrochemical performances of the electrodes are shown in Fig. 4.7. The capacity
of the microcrystalline Fe 2 O 3 electrode at the first cycle is 1285 mAh/g. The extra
capacity beyond the theoretical value is probably due to the decomposition of nonaqueous electrolyte during the discharge process. In contrast, the initial capacities of
the α-Fe 2 O 3 nanorods containing 20, 30, and 40 wt% carbon are 1281, 1333, and
1332 mAh/g,
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Fig. 4.7. (a) First cycle charge/discharge profiles of commercial Fe2O3 powder and Fe2O3
nanorod electrodes with 20%, 30%, and 40% conductive carbon content. (b) Electrochemical
cycling performance of microcrystalline Fe2O3 powder and nanorod electrodes containing
different weight percentages of carbon additive as anodes in lithium-ion cells
(charge/discharge rate: 0.1C).
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respectively, which is almost the same initial discharge capacity as the commercial
material. It is clear that the first charge capacities of the nanorods are remarkably
improved. The first charge capacity of the commercial and the 20%, 30%, and 40%
carbon containing nanorod electrodes are 603, 881, 920 and 955 mAh/g, respectively.
This improvement might be attributed to the high surface area and high activity of
the nanostructured materials. After 30 cycles, the discharge capacities of the four
samples decreased to 112, 425, 570, and 763 mAh/g, namely, 8.7%, 33.2%, 42.8%,
and 57.3% capacity retention, respectively, compared to the first cycle. The
cyclability of the α-Fe 2 O 3 nanorod electrodes was dramatically improved compared
to that of the microcrystalline powders, as shown in Fig. 4.7(b). This improvement is
in agreement with the CV investigation. Besides the conductive carbon content, it
has been reported that the particular carbonaceous source and binder content also
affect the nano-Fe 2 O 3 performance as anode material for lithium ion batteries [341,
342]. Nanosize materials have large surface area and high surface energy. For
lithium ion battery applications, the large surface area of nanostructured materials
can provide more sites for lithium ion intercalation/de-intercalation. The
improvement in the nanorod electrodes may be also attributed to the shorter
pathways in the nanorods for lithium ion diffusion. Thus, the electrochemical
performance of the one-dimensional nanostructured electrode is remarkably
enhanced.

4.5 Conclusion

In summary, single crystalline α-Fe 2 O 3 nanorods, which have diameters in the range
of 60 - 80 nm, were prepared by a hydrothermal method. Both the nanorods and the
commercial Fe 2 O 3 were tested as anode materials for lithium ion batteries.
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Electrochemical measurement techniques, such as CV and EIS, demonstrated that the
nanorods

have

higher

lithium

diffusion

dynamics

than

the

commercial

microcrystalline Fe 2 O 3 powders. The Fe 2 O 3 nanorods exhibited a 763 mAh/g
capacity after 30 cycles, which is remarkably higher than that of the microcrystalline
powder electrode. This investigation indicates that there are good prospects for using
Fe 2 O 3 nanorods as anode materials in lithium-ion cells.
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Chapter 5
One-Pot Facile Synthesis of Iron Oxide Nanowires as Anode
Material

5.1 Abstract

Alpha-Fe 2 O 3 nanowires were synthesized by a facile hydrothermal method, by using
nitrilotriacetic acid (NTA) as a surfactant. The crystalline structure and morphology
of the synthesized materials have been characterized by X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), and transmission electron
microscopy (TEM). The results revealed that both the precursor and the prepared
alpha-Fe 2 O 3 product were uniform nanowires, with a length/diameter ratio of more
than 500. The electrochemical properties of the alpha-Fe 2 O 3 nanowires were
evaluated by cyclic voltammetry (CV) and charge/discharge measurements. The
initial charge/discharge capacities can reach 936/1198 mAh/g at the rate of 0.1C. The
lithium storage capacity was maintained at 811 mAh/g after 50 cycles. This good
electrochemical performance may be attributed to the large surface area and short
pathways in nanowires for lithium ion migration.

5.2 Introduction

One-dimensional (1D) materials, such as nanotubes, nanorods, and nanoribbons,
have peculiar and intriguing chemical and physical properties. They have been
extensively investigated as building blocks for many novel applications, ranging
from molecular nanosensors and nanoscale electronics to nanocomputing [343-348].
On the basis of the bottom-up paradigm for nanotechnology, controllable synthesis
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of 1D nanostructure is an initial and critical step toward developing functional
nanodevices [349].

For anode materials in rechargeable lithium batteries, one of the main issues causing
capacity fading is volume change in the electrode materials during the
charge/discharge processes. For instance, when Si is used as an anode material, each
silicon atom can host 4.4 units of lithium ions. The volume of the Li 4.4 Si alloy may
expand more than 3 times compared to the Si. The volume change during the lithium
ion intercalation/de-intercalation would largely destroy the structure of the Si
particles. Therefore, the electrochemical performance of Si electrode would be
tragically degraded. One of the strategies to solve this problem is to introduce onedimensional nanostructured materials. Cui et al. developed 1D silicon nanowires by
the chemical vapor deposition (CVD) method [202]. Their silicon nanowire battery
electrodes can accommodate large strain without pulverization, provide good
electronic contact, and exhibit short lithium ion migration pathways. The Si nanowire
electrodes can achieve their theoretical capacity and maintain a discharge capacity
close to 75%, with almost no fading during cycling. Also, germanium (Ge)
nanowires can be fabricated by using vapor-liquid-solid growth on metallic
substrates [296]. With discharge at C/20, the initial discharge capacity is 1141
mAh/g, and the capacity retention is stable over 20 cycles. High power rates were
also observed up to 2C with coulombic efficiency > 99%.

Many transition metal oxides have been investigated as anode materials for lithium
ion batteries to replace the current graphite materials [227, 350]. Due to the low cost
and abundance of the raw materials, Fe 2 O 3 has been widely investigated for
applications in many technological fields, with anode materials for lithium ion
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batteries among them. Fe 2 O 3 has been tested as a lithium ion storage material and
shows promise in the quest to achieve new anode materials with high capacity for
lithium ion batteries [332-335, 351-359]. The mechanism of lithium ion
intercalation/de-intercalation in Fe 2 O 3 materials can be described by the following
equation:

Fe 2 O 3 + 6Li ↔ 3Li 2 O + 2Fe

(Eq. 5.1)

The Fe 2 O 3 crystal lattice can accommodate the transport of six Li ions per formula
unit during the charge/discharge process, and the theoretical capacity of Fe 2 O 3 is as
high as 1005 mAh/g, which is much higher than the theoretical capacity of graphite
anode materials (372 mAh/g). The extraction of lithium ions from Li 2 O is
thermodynamically impossible. However, it becomes feasible for nanosize materials,
as has been reported previously [227]. Capacity fading is the main issue for all
transition metal oxides proposed as anode materials for lithium ion batteries. Using
nanoscale Fe 2 O 3 , especially in the form of 1D structure, is a feasible approach to
improve its properties as an anode material, because nanostructured materials can
provide short pathways and high kinetics for lithium ion insertion/extraction [358].

In this chapter, we report a facile method with low-cost raw materials (FeCl 3 and
nitrilotriacetic acid) to synthesize α-Fe 2 O 3 nanowires as anode material for lithium
ion batteries. The α-Fe 2 O 3 nanowires feature significantly higher capacity in their
electrochemical performance compared to the commercial graphite anode materials.

5.3 Experimentals
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The α-Fe 2 O 3 nanowires were synthesized via a hydrothermal method. Precursors
were prepared in the first step in an autoclave. In a typical synthesis, 1.05 mmol
FeCl 3 was dissolved in 7 mL distilled water and 7 mL isopropanol to form a solution.
3 mmol nitrilotriacetic acid (NTA) was then added. After thorough stirring, the
mixture was transferred into a Teflon lined autoclave and hydrothermally treated at
180 °C for 24 h. The resultant white floccules were washed with deionized water and
absolute ethanol, and dried at 60 °C in a vacuum oven. Finally, the precursors were
sintered at 500 °C for 2 h to obtain α-Fe 2 O 3 nanowires.

The α-Fe 2 O 3 nanowire anodes were made up by mixing the active materials with
acetylene black (AB) and a binder, poly(vinylidene fluoride) (PVdF), at a weight
ratio of 40:40:20 in N-methyl-2-pyrrolidone (NMP) solvent. The resultant slurry was
uniformly pasted on Cu foil with a blade. These prepared electrode sheets were dried
at 120 °C in a vacuum oven for 12 hours and pressed under a pressure of
approximately 200 kg/cm2. CR2032-type coin cells were assembled in a glove box
for electrochemical characterization. The electrolyte was 1 M LiPF 6 in a 1:1 mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC). Li metal foil was used as
the counter and reference electrode.

The microstructure and morphology of the α-Fe 2 O 3 nanowires were characterized by
X-ray diffraction (XRD, GBC MMA) in the 2 theta degree range from 10° to 60°,
field emission scanning electron microscopy (FESEM, JEOL JSM-6460A), and
transmission electron microscopy (TEM, JEOL 2011). The thermo-weifgravimetric
analysis and differential thermal analysis data were collected from TA Instrument
Q500 equipment. Raman spectrum of α-Fe 2 O 3 nanowires were recorded on a JOBIN
Yvon Horiba Confocal Micro Raman spectrometer model HR 800 with 632.8 nm
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diode laser excitation on a 300 lines/mm grating at room temperature. The specific
surface area of the Fe 2 O 3 nanowires was measured by the gas sorption technique
using a Quanta Chrome Nova 1000 Gas Sorption Analyzer based on the BrunauerEmmett-Teller (BET) method. The cells were galvanostatically charged and
discharged at a current density of 0.1 C within the range of 0.01 V to 3.0 V. Cyclic
voltammetry (CV) curves were measured at 0.5 mV/s within the range of 0.01 to 3.0
V, using an electrochemistry workstation (Princeton Applied Research 2273).

5.4 Results and discussion

Fig. 5.1. X-ray diffraction patterns of alpha phase iron oxide
nanowires and commercial bulk powder.

Fig. 5.1 shows the XRD patterns of the commercial powder and the Fe 2 O 3
nanowires, using Cu Kα radiation (λ = 1.5406 Å). The diffraction patterns confirmed
that the crystal structure is coincident with the standard hematite (α-Fe 2 O 3 )
rhombohedral structure (JCPDS Card No. 33-0664). No impurity was detected from
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the XRD pattern of the Fe 2 O 3 nanowires, indicating that the nanowires are of a
single-phase rhombohedral crystal structure after sintering. The diffraction peaks of
the nanowires obviously appear wide compared to their bulk counterpart, which
indicates a nanoscale fine structure of the Fe 2 O 3 nanowires. The size of the
polycrystalline particles, D, can be calculated according to the Scherrer equation:

D = kλ / βcos θ

(Eq. 5.2)

where the parameters k, λ, β, and θ correspond respectively to the shape factor
(normally assigned a value of 0.89), the wavelength of the X-rays (0.15406 nm), the
half-peak width, and the Bragg angle. The average particle size was determined to be
around 28 nm by estimating from different crystallographic directions.

The Raman spectrum is shown in Fig. 5.2. The Raman peaks which are located at the
wave numbers of 225, 292, 407, 495, and 608 cm-1 are corresponded to the instinct
vibration modes of alpha- Fe 2 O 3 .The features of Raman spectra of alpha- Fe 2 O 3
nanowires are essentially the same as that of previously reported alpha- Fe 2 O 3
micrpcrystalline powders except for the shift of their peaks to the higher frequency
region by 2-5 cm-1 (blue shift), which could be originated from nanocrystalline. Both
XRD pattern and Raman spectra confirmed the pure phase of alpha- Fe 2 O 3
nanowires.

The thermogravimetric analysis of the nanowire precursor is shown in Fig. 5.3. The
total weight loss from the precursor was determined to be 68.2%, which agrees with
the theoretical calculation of N(CH 2 COO) 3 Fe decomposition. The corresponding
differential thermal analysis (DTA) of the precursor reveals two exothermic peaks at
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233 and 268 °C, which are related to the decomposition and burning of FeNTA
precursor. The precursor can be completely decomposed and transformed to Fe 2 O 3
above 350 °C.

Fig. 5.2 Raman spectrum of Fe2O3 nanowires

Fig. 5.3. TGA and DTA curves of FeNTA precursor nanowires.
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The SEM images of the nanowires and precursors are shown in Fig. 5.4. It clearly
demonstrates that the FeNTA precursors from the hydrothermal reaction are entirely
in the form of well dispersed nanowires, as shown in Fig. 5.4(a) and (b). In the
hydrothermal processing, Fe3+ ions were bonded and anchored to amino groups or
carboxyl groups from the NTA reactant, and formed 1D long-chain polymer
precursors. After being sintered at 500 °C for 2 h, the precursors were converted to
alpha phase Fe 2 O 3 nanowires. Fig. 5.4(c) shows the final product, the Fe 2 O 3
nanowires, making it clear that the one-dimensional structure was stable during the
thermal treatment of the precursors. The nanowires can achieve lengths as long as
100 μm and diameters less than 200 nm. However, due to the high surface energy of

Fig. 5.4. FESEM images of Fe2O3 nanowires and precursors: (a) and (b) FESEM images of
Fe2O3 nanowire precursors at different magnifications. (c) and (d) FESEM images of Fe2O3
nanowires after sintering with different magnifications.
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the nanostructured materials, the Fe 2 O 3 nanowires were partially agglomerated
during the thermal treatment, as can be discovered in Fig. 5.4(c). Adjacent nanowires
running in the same direction combine easily with each other because there is
maximum contact between the surfaces, inducing minimum surface energy. In the
high magnification image shown in Fig. 5.4(d), it is apparent that each Fe 2 O 3
nanowire consists of small particles with a size around 30 nm. When the precursor is
heated to a high temperature such as 500 °C, the organic function groups previously
bonded with Fe3+ decompose and then burn, as in the TGA result. Simultaneously,
the iron ions combine with oxygen species to form nanosize Fe 2 O 3 . The gaseous
products from the decomposition of organic sources are eliminated, leaving void
sites where the pores appear in Fe 2 O 3 nanowires. This polycrystalline porous
nanostructure features a large surface area. The BET result demonstrates that the
surface area of the Fe 2 O 3 nanowires is as high as 152 m2/g. The high surface area
nanowires can provide more reaction sites for lithium ion transport, which is
favorable to the use of Fe 2 O 3 nanowires for lithium ion battery application.

Fig. 5.5 shows TEM images of Fe 2 O 3 nanowires and precursors at different
magnifications. From the TEM images of Fig. 5.5(a) and (b), it can be found that the
size of the precursor nanowires is around 100 nm. The high magnification TEM can
not find any lattice structure in precursor nanowires, which indicates that the
Fe(NTA) precursor nanowires are amorphous. After calcination, the nanowires are
partially agglomerated with other nanowires in the same direction, which can be seen
in Fig. 5.5(c). The inset in the upper right corner of Fig. 5.5(c) is the selected area
electron diffraction (SAED) pattern of the nanowires. In the electron diffraction
pattern, each ring represents the electron diffraction from a different lattice plane,
which can be fully indexed to the rhombohedral crystal structure. Fig. 5.5(d) is a
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TEM image of a single nanowire at 100,000 times magnification. It shows that the
single nanowire has a polycrystalline structure with a width of around 200 nm. The
length/diameter ratio is as high as 500. The upper right inset in Fig. 5.5(d) shows a
high resolution TEM (HRTEM) image of the inner part of the single nanowire. The
HRTEM image clearly shows the microstructure of the individual grains, which
confirms the polycrystalline structure of the nanowires. The spacing of the lattice
planes in the image was determined to be 0.37 nm, which is consistent with the
standard value for the (012) plane (0.368 nm).

Fig. 5.5 TEM images of (a) precursor at low magnification; (b) precursor at high magnification, which
shows an amorphous form; (c) Fe2O3 nanowires at low magnification (inset:SAED pattern); (d)
individual Fe2O3 nanowire at high magnification (inset is the HR TEM image, which shows the fine
crystal lattice structure of the Fe2O3 nanowire).
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Cyclic voltammetry (CV) is a basic instrumental method that can reveal the
electrochemical mechanism of reactions. Fig. 5.6 shows the first three cycles of CV
curves of the nanowires in the range of 0.01-3 V. It is clear that there is a substantial
difference between the first and the subsequent cycles. In the first cycle, with a
scanning rate of 0.5 mV/s, the spiky peak at 0.62 V represents the transition from
Fe3+ to Fe0 in the cathodic process, which could be associated with the electrolyte
decomposition and the reversible conversion reaction of lithium ion intercalation to
form Li 2 O. An anodic peak is present at about 1.75 V, corresponding to the
reversible oxidation of Fe0 to Fe3+. In the subsequent cycles, the cathodic/anodic
peak potentials shift to 0.68 and 1.76 V, respectively. During the anodic process, both
the peak current and the integrated area of the anodic peak are decreased, indicating
the capacity loss during the charge/discharge process. The capacity loss can be

Fig. 5.6. CV curves for the first 3 cycles of the Fe2O3
nanowires as anode in lithium ion cell.
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attributed to the decomposition of electrolyte to form a SEI layer and the irreversible
lithium ion loss from the formation of Li 2 O. In the first cycle, the difference in the
integrated area between the cathodic/anodic peaks is bigger than in the subsequent
cycles, which indicates that the initial capacity loss can be mostly attributed to the
electrolyte decomposition. For the one-dimensional Fe 2 O 3 nanowires, the high
surface energy causes irreversible capacity loss by decomposing the electrolyte,
although the SEI layer could cover the reactive sites and avoid further
decomposition. On the other hand, the nanowires with high surface area can provide
more sites for lithium ion intercalation/deintercalation. The short pathways in the
nanowires can also enhance lithium ion diffusion.

The Fe 2 O 3 nanowires were tested as anode material for lithium ion batteries. The
capacity performance and charge/discharge curves for the first cycle are shown in
Fig. 5.7(a). The charge/discharge curves are shown in the inset, and they exhibit the
charge/discharge plateaus at 1.76/0.78 V. In CV testing, the anodic/cathodic peaks
are present at 1.75/0.62 V, respectively. The difference can be attributed to the
hysteresis in CV testing, which is caused by the mismatch between the mass transfer
and charge transfer processes on the electrode/electrolyte interphase. The initial
discharge capacity is 1198 mAh/g, which is higher than the theoretical capacity of
Fe 2 O 3 (1005 mAh/g). The extra capacity beyond the theoretical value is probably
due to the decomposition of non-aqueous electrolyte during the discharge process.
The initial charge capacity is 936 mAh/g, and the initial coulombic efficiency is
78.1%. In the second and third cycles, the coulombic efficiencies are increased to
94.1% and 94.8%, which indicates that the initial irreversible capacity loss is mainly
caused by the decomposition. The coulombic efficiencies tend to be stable up to 50
cycles, as shown in Fig. 5.7(b), which reveals the excellent electrochemical
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performance of the Fe 2 O 3 nanowire electrode. The formation of the SEI layer
protects the nanowires so as to avoid further electrolyte decomposition and enhances
the coulombic efficiency in the subsequent cycles. After 50 cycles, the
charge/discharge capacities reach 779/811 mAh/g. The charge/discharge capacity
retention after 50 cycles is 83.2% and 67.7%, respectively. The capacity is more than
twice that of the commercial anode material (graphite, 372 mAh/g), and the
performance is much better than that of the previously reported α-Fe 2 O 3 [359]. αFe 2 O 3 nanowire material appears to be a promising candidate as a high capacity

Fig. 5.7. (a )The charge/discharge performance of the Fe2O3 nanowires. The inset on
the upper right shows the first cycle charge/discharge profiles. (black:discharge; red:
charge) (b) The coulombic efficiency up to 50 cycles.
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anode material for lithium ion batteries.

5.5 Conclusions

α-Fe 2 O 3 nanowires were successfully prepared by a hydrothermal method and
subsequent heat treatment. The nanowires are as long as 100 μm, and the diameter is
less than 200 nm. The Fe 2 O 3 nanowires were tested as anode materials for lithium
ion batteries. The initial discharge capacity is 1198 mAh/g, which is higher than the
theoretical capacity of Fe 2 O 3 . The discharge capacity retention after 50 cycles is 811
mAh/g, which represents better performance than commercial graphite anode and
other microsize α-Fe 2 O 3 powders.
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Chapter 6
Highly Ordered Mesoporous Structured Cobalt Oxide for
Lithium Ion Battery

6.1 Abstract

Highly ordered mesoporous cobalt oxide (Co 3 O 4 ) nanostructures were prepared
using KIT-6 and SBA-15 silica as hard templates. The mesostructures were
confirmed by small angle X-ray diffraction, high resolution transmission electron
microscopy, and N 2 sorption isotherm analysis. Mesoporous Co 3 O 4 electrode
materials have demonstrated the high lithium storage capacity of more than 1200
mAh/g with an excellent cycle life.

6.2 Introduction

Mesoporous structures have been extensively investigated due to their widespread
applications, such as in support for catalysts, gas sensors, electrode materials for
batteries, supercapacitors, fuel cells, sorbents for separation, and media for gas
storage and drug delivery [360–365]. Owing to their high specific surface area, large
pore volume, periodically distributed pores, and peculiar surface properties, ordered
mesoporous functional materials have demonstrated many unique chemical and
physical properties.

In general, mesoporous structures can be synthesized by either soft template or hard
template methods through a process called nanocasting. In a nanocasting process, the
voids of templates are filled with the material to be cast. After the removal of the
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template, a replica of the mesoporous structure can be obtained, which is the negative
replica in the case of one-time casting [366]. Soft templates usually yield
mesoporous structures with low order and low crystallinity [367, 368]. The hard
template method has many advantages over the soft template method, such as
controllability, pore regularity, and crystallinity, that is, it can produce highly ordered
mesoporous materials with crystalline walls [369-371]. Many types of mesoporous
metal oxides have been developed using mesoporous silica templates, such as MCM41, SBA-15, and KIT-16, in the past decade [372-376]. However, the successful
synthesis of mesoporous metal oxide materials still largely depends on the control
and manipulation of the preparation conditions.

Lithium ion batteries are very important electrochemical energy storage and
conversion devices. Currently, lithium ion batteries are the dominant power sources
for portable electronic devices [6, 11, 377]. Lithium ion batteries represent an
advanced power supply for hybrid and plug-in hybrid electric vehicles, and advanced
energy storage devices in solar and wind electricity generation systems. These power
applications urgently require us to develop new electrode materials with high
capacity (in particular, high rate capacity) and high energy density. Mesoporous
structures (with pore sizes in the range of 2–5 nm) provide unique three-dimensional
(3D) framework architectures as electrode materials for lithium ion batteries [298,
378-380]. Transition-metal oxides have exhibited high capacity for reversible lithium
storage based on the so called “conversion” reaction, which was first reported by
Tarascon et al. [227]. Among them, cobalt oxide has demonstrated the best
electrochemical performance in terms of specific capacity and cyclability [381].
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Herein, we report the facile synthesis of two types of highly ordered mesoporous
Co 3 O 4 materials with a 3-dimensional cubic Ia3d structure prepared from KIT-6
silica templates and a 2-dimensional hexagonal P 6mm structure prepared from SBA15 silica templates, respectively. These two types of mesoporous cobalt oxides
showed excellent electrochemical performance as electrode materials in lithium ion
batteries.

6.3 Experimental

Synthesis of silica templates: The KIT-6 and SBA-15 SiO 2 templates were
synthesized according to previous reports [375, 376]. For KIT-6 synthesis, 10 g of
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
surfactant (P123), 21.5 g of condensed HCl (32%), and 10g of butanol were added
into 360 g of distilled water, and the mixture was stirred at 35 °C to form a
homogeneous solution. Then, 21.5 g of tetraethyl orthosilicate (TEOS) was added,
and stirring was maintained for 24 h at 35 °C. The mixture was transferred into a
closed Teflon-lined stainless steel autoclave and subsequently heated at 100 °C for
24 h under static conditions for the hydrothermal treatment. The resultant white solid
product was filtered without washing and dried at 100 °C. Then, the powder was
washed in an ethanol-HCl mixture, dried, and sintered at 550 °C to remove
surfactants and obtain the final mesoporous KIT-6 SiO 2 . For SBA-15 synthesis, 12.0
g of Pluronic P123 (EO 20 PO 70 EO 20 , Mw ≈ 5800, Aldrich) and 13.44 g potassium
chloride (KCl, 99%, Aldrich) were dissolved in 360.0 g of 2 M HCl. Then, 24.96 g
tetraethylorthosilicate (TEOS, 99%, Aldrich) was added to the transparent solution
with vigorous stirring for 8 min, and the mixture was left quiescent at 40 °C for 24 h.
The mixture was subsequently treated at 130 °C for another 24 h in a TeflonTM lined
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autoclave. The as-synthesized SBA-15 was collected by filtration, dried, and calcined
at 550 °C for 6 h in air.

Synthesis of mesoporous Co 3 O 4 : The mesoporous Co 3 O 4 replicas from the 3D
cubic KIT-6 and the 2D hexagonal SBA-15 were obtained by a hard template method
[369]. Typically, 3-6 mmol Co(NO3) 2 ·6H 2 O was dissolved in ethanol (15-30 mL) to
form a transparent solution. Then, dry SBA-15 or KIT-6 (0.45 g) was added to the
solution. After stirring for 12 h, the solvent was removed by evaporation at room
temperature. The dry powder was ground and sintered at 400 °C for 2 h to
decompose the nitrate. The impregnation step was repeated one more time to obtain
cobalt precursor/SiO 2 composites. After the final calcinations at 600 °C for 6 h, the
silica templates were removed by stirring twice with 2 M hot sodium hydroxide
solution, and then the final mesoporous Co 3 O 4 was obtained after washing with deionized water and drying at 50 °C.

Materials characterization: Small angle X-ray diffraction (SAXRD) patterns were
collected on a Bruker D8 Advanced X-ray diffractometer using Cu Kα radiation. The
testing range is from 0.5 to 5 degree, with the scanning speed of 1°/min and
recording step of 0.02°. N 2 sorption isotherms were obtained using a Quadrasorb SI
analyzer at 77 K. The Brunauer–Emmett–Teller (BET) surface area was calculated
using experimental points at a relative pressure of P/P0 = 0.05 - 0.25, where P0 is
atmospheric pressure under standard conditions. The pore volume values were
obtained at P/P0 = 0.99. The pore size distribution was calculated from the adsorption
branch by using the Barret–Joyner–Halenda (BJH) method. The porous structures
and crystal structures of the silica templates and the mesoporous Co 3 O 4 samples

- 118 -

Chapter 6 Highly Ordered Mesoporous Structured Cobalt Oxide for Lithium Ion Battery

were characterized by transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) analysis (JEOL 2011 TEM facility).

Electrochemical testing: Mesoporous Co 3 O 4 powders were mixed with a binder,
poly(vinylidene fluoride) (PVdF), and carbon black at weight ratios of 60:10:30 in
N-methyl-2-pyrrolidone (NMP) solvent to form a slurry. Then, the resultant slurry
was uniformly pasted on Cu foil substrates with a blade. These prepared electrode
sheets were dried at 100 °C in a vacuum oven for 12 h and pressed under a pressure
of approximately 200 kgcm-2. CR2032-type coin cells were assembled in a glove box
for electrochemical characterization. The electrolyte was 1 M LiPF6 in a 1:1 mixture
of ethylene carbonate and dimethyl carbonate. Li metal foil was used as the counter
and reference electrode. The cells were galvanostatically charged and discharged at
different current densities within the range of 0.01 to 3.0 V. Cyclic voltammetry
(CV) curves were collected at 0.1 mVs-1within the range of 0.01 – 3.0 V using an
electrochemistry workstation (CHI660C).

6.4 Results and Discussion

The characterization results such as from small angle X-ray diffraction (SAXRD),
nitrogen sorption, and transmission electron microscopy (TEM) of silica templates
were obtained and are shown as Fig. 6.1. The SAXRD patterns of KIT-6 and SBA-15
templates are shown in Fig. 6.1(a) and (b). They both exhibit some diffraction peaks
at low angles, which correspond to the planes from highly ordered mesostructure.
Typically, in Fig. 6.1(a), the first sharp diffraction peak at 0.92 ° reflects the (211)
plane in KIT-6. The following peaks located at 1.04 °, 1.42°, 1.52 °, 1.70 °, and 1.76
° (2θ) correspond to the (220), (321), (400), (420), and (332) planes. The well- 119 -
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defined diffraction peaks obtained by SAXRD indicates that this as-prepared KIT-6
template features a highly ordered cubic Ia3d mesoporous structure [376]. The TEM
image in the inset of Fig. 6.1(a) also indicates a 3-dimensional architecture of KIT-6
template with visibly ordered pores. Similarly, as in Fig. 6.1(b), the diffraction peaks
at 0.93 °, 1.58 °, and 1.80 ° correspond to the fine mesostructure of (100), (110), and
(200) planes in the hexagonal P 6mm SBA-15 silica template. The TEM image in the
inset of Fig. 6.1(b) exhibits a typical view of 2-dimensional hexagonal SBA-15 along
the [100] direction.

The mesoporous silica templates were characterized by the nitrogen sorption method
to determine the properties of the pores, as shown in Fig. 6.1(c) and (d). Both of the
sorption isotherms are matched with the type IV isotherm which was defined by the
International Union of Pure and Applied Chemistry (IUPAC) [311]. For both of the
templates, they represent the two branches of sorption, which are almost vertical and
nearly parallel over an appreciable range of gas uptake, and exhibit limiting
adsorption at high P/P0. The hysteresis loops are the characteristic feature of the type
H1 isotherm, which is associated with capillary condensation in mesopore structures.
The pore size distribution of the mesoporous SiO 2 templates calculated from the BJH
method are shown as inset figures in Fig. 6.1(c) and (d), which reveal that both of
them have highly uniform pore size with narrow size distributions. The pore size of
mesoporous KIT-6 is 8.83 nm and that of the SBA-15 is 9.88 nm. The surface areas
of mesoporous SiO 2 templates of KIT-6 and SBA-15 are calculated as 854.4 and
472.5 m2/g. The pore volume of KIT-6 and SBA-15 are 1.26 and 0.98 cm3/g,
respectively, as listed in Table 6.1. The pore sizes of templates can be controlled by
hydrothermal treating at different temperatures [375, 376].

- 120 -

Chapter 6 Highly Ordered Mesoporous Structured Cobalt Oxide for Lithium Ion Battery

Fig. 6.1 Characterizations of KIT-6 and SBA-15 silica templates: (a) SAXRD pattern of
KIT-6 (inset is a TEM image of 3-dimensional cubic KIT-6). (b) SAXRD pattern of SBA-15
(inset is a TEM image of 2-dimensional hexagonal SBA-15). Nitrogen isotherms and
corresponding (inset) pore size distributions of (c) KIT-6 and (d) SBA-15.

Fig. 6.2(a) and (b) presents the SAXRD patterns of cubic mesoporous Co 3 O 4
(replicas of KIT-6, denoted as Co 3 O 4 -KIT) and hexagonal mesoporous Co 3 O 4
(replicas of SBA-15, denoted as Co 3 O 4 -SBA), respectively. In Fig. 6.2(a), the
SAXRD peak at 0.948° corresponds to the (211) diffraction of the cubic Ia3d
mesoporous structure, while the SAXRD peaks in Fig. 6.2(b) can be assigned to
(100), (110), and (200) diffraction lines of the hexagonal mesoporous structure
(P 6mm ). SAXRD diffraction peaks of the patterns are attributed to long range
regularity, namely, the highly ordered mesoporous structures of the two types of
cobalt oxides [382]. The space groups of both mesoporous Co 3 O 4 replicas are
coincident with their templates. The wide-angle XRD patterns are shown as insets in
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Fig. 6.2(a) and (b), respectively. All diffraction peaks can be indexed to the facecentered cubic phase (Fd3m, JCPDS card No. 76-1802), indicating that Co 3 O 4 has
been crystallized within the mesopores, both in KIT-6 and in SBA-15 templates after
calcination at 600 °C.

The pore sizes, their distribution and the Brunauer– Emmett–Teller (BET) surface
areas of the two types of mesoporous Co 3 O 4 were examined via nitrogen sorption
measurements. Fig. 6.3 shows the nitrogen sorption result on Co 3 O 4 -KIT and

Fig. 6.2 SAXRD patterns of (a) Co3O4-KIT and (b) Co3O4-SBA replicas. Inset figures are their large
angle XRD patterns.
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Co 3 O 4 -SBA, with their size distributions as insets. Both of the Co 3 O 4 replicas
exhibit typical type IV isotherms with type H1 hysteresis loops, which are
characteristic of mesostructures with cylindrical or Ia3d channels. The pore size
distribution curves are presented as the insets in Fig. 6.3(a) and (b). The average pore
sizes for cubic Co 3 O 4 and hexagonal mesoporous Co 3 O 4 are 3.32 and 4.16 nm,
respectively. The BET surface areas are 126.2 m2/g for cubic mesoporous Co 3 O 4 KIT and 110.4 m2/g for hexagonal mesoporous Co 3 O 4 -SBA, which were deduced

Fig. 6.3 N 2 sorption isotherms of mesoporous Co 3 O 4 : (a) KIT-6 type, (b) SBA-15 type. The insets
are pore size distribution curves.
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from the nitrogen sorption measurements. These mesoporous structure materials with
high surface area can provide more sites for migration of lithium ions during
charge/discharge processes. The pore volumes of mesoporous Co 3 O 4 -KIT and
Co 3 O 4 -SBA are 0.24 and 0.22 cm3/g. The pore properties of Co 3 O 4 -KIT and Co 3 O 4 SBA, combined with the properties of their templates, are summarized in Table 6.1.
Table 6.1 Physical properties of different templates and their Co 3 O 4 replicas.

Two types of mesoporous Co 3 O 4 were observed by transmission electron
microscope (TEM) and high resolution TEM (HRTEM) analysis, which confirmed
their highly ordered mesoporous structure and high degree of crystallization. Fig. 6.4
shows TEM and HRTEM images of mesoporous Co 3 O 4 -KIT. Fig. 6.4(a) is a low
magnification TEM image, from which the sizes of individual mesoporous particles
can be determined to be around 100 nm. Selected area electron diffraction (SAED)
was performed on the mesoporous particle marked with a circle and is shown as the
inset in Fig. 6.4(a). It exhibits a single-crystal-like diffraction pattern, implying that
the walls in the mesoporous structure are highly crystalline with a near single-crystal
arrangement of atoms within the walls over the entire mesoporous particle [383]. Fig
6.4(b) shows a magnified TEM view of the mesoporous structure recorded along the
[111] direction, from which highly ordered and regular mesopores are clearly visible.
Fig. 6.4(c) and (d) further presents HRTEM and lattice resolved HRTEM images of
KIT-6 mesoporous Co 3 O 4 , in which two d spacings of the (111) and (220) crystal
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Fig. 6.4 (a) Low magnification TEM image of mesoporous Co3O4-KIT, in which the inset is
the corresponding SAED pattern. (b) High magnification TEM image of mesoporous Co3O4KIT, showing highly ordered mesopores. (c) and (d) HRTEM images show the lattices of the
crystalline walls of mesoporous Co3O4-KIT.

planes of Co 3 O 4 are indexed, explicitly illustrating the highly crystalline nature of
the walls of the mesoporous Co 3 O 4 .

Likewise, mesoporous Co 3 O 4 -SBA exhibits nanowire structures (as shown in Fig.
6.5), which are derived from the parallel cylindrical pores in the SBA-15 template.
Fig. 6.5(a) presents a general TEM view of mesoporous Co 3 O 4 -SBA nanowires. We
can see that individual nanowires are organized into parallel bundles with sizes in the
range of a few hundred nanometers. The SAED pattern of a nanowire bundle marked
with a circle in Fig. 6.5(a) is shown in Fig 6.5(b). The ring diffraction pattern
indicates the polycrystalline nature of the mesoporous nanowires, which can be fully
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indexed to cubic Fd3m Co 3 O 4 phase. Fig. 6.5(c) exhibits a magnified view of a
mesoporous Co 3 O 4 bundle, and its corresponding fast Fourier transform (FFT)
pattern is shown as the inset in Fig 6.5(c). The FFT is simply an inverse transform of
the entire nanowire bundle, in which the spots reflect the highly ordered arrangement
of parallel nanowires. Fig. 6.5(d) shows a HRTEM image of the mesoporous Co 3 O 4
nanowire lattice structure. Nanoparticles with a size of about 5–6 nm are regularly
aggregated to form individual nanowires. (111) lattice planes with a d spacing of
0.47 nm are clearly distinguishable in Fig. 6.5(d). Mesopores exist between the
individual nanowires. Therefore, SAXRD, TEM, HRTEM, and nitrogen sorption
measurements have unambiguously confirmed the highly ordered nature of the
mesoporous Co 3 O 4 structures synthesized by the hard template method.

Fig. 6.5 (a) Typical TEM image of mesoporous Co 3 O 4 -SBA nanowires. (b) SAED pattern of a
nanowire bundle, showing the polycrystalline nature of the nanowires. (c) High magnification
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TEM image of a mesoporous Co 3 O 4 -SBA nanowire bundle. The inset is the corresponding FFT
pattern. (d) HRTEM image of the mesoporous Co 3 O 4 -SBA nanowire structure.

The electrochemical performance of the two types of as-prepared Co 3 O 4 mesoporous
samples were evaluated in lithium ion cells by cyclic voltammetry (CV) and
galvanostatic charge/discharge tests. The CV curves of the mesoporous Co 3 O 4 -KIT
electrode are shown in Fig 6.6(a). In the first scanning cycle, there is a reduction

- 127 -

Chapter 6 Highly Ordered Mesoporous Structured Cobalt Oxide for Lithium Ion Battery

Fig. 6.6 a) Cyclic voltammograms of the mesoporous Co 3 O 4 -KIT electrode. (b) Discharge and
charge profiles of the mesoporous Co 3 O 4 -KIT electrode. (c) Cycling performance of the Co 3 O 4 KIT electrodes obtained at different operating currents (50, 150, 200, and 300 mA/g).

peak at 0.8 V, which is associated with the formation of a solid electrolyte interphase
(SEI) layer on the surface of the electrode, but disappears from the second cycle.
Two stable reduction peaks appear during cathodic polarization, which are related to
multistep reduction of Co 3 O 4 to CoO and metallic Co. An anodic peak at 2.2 V
corresponds to the oxidation of the reduced Co to Con+. Fig. 6.6(b) shows the
discharge and charge curves of mesoporous Co 3 O 4 - KIT electrode at a current rate of
50 mA/g. In the first cycle, the electrode delivered a lithium storage capacity of 1760
mAh/g, which is similar to what has been previously reported for porous Co 3 O 4
nanotubes and nanoneedles [384-386]. The extra capacity beyond the theoretical
value of Co 3 O 4 is probably from the decomposition reaction of the electrolyte, which
occurs at a voltage of about 1.0 V, where the discharge plateau is located. From the
second cycle, the mesoporous Co 3 O 4 electrode maintains a high reversible capacity
with high coulombic efficiency. After 100 cycles, the discharge capacity is still
above 1200 mAh/g. Mesoporous Co 3 O 4 electrode exhibits a capacity higher than the
theoretical capacity of Co 3 O 4 (890 mAh/g). The nanostructured materials exhibit a
capacity that exceeds the theoretical value for the conversion reaction and actually
increases for the first 20 cycles; this has been attributed to the increasing formation
of a polymeric surface layer on these high surface area materials, which contributes
to charge storage [387]. Usually, such slope behavior in the discharge process of
metal oxide anode materials is considered as the irreversible formation of a
‘nanocomposite’ of crystalline grains of metal and amorphous Li 2 O matrix [388,
389]. We also performed charge/discharge cycling tests at different current rates; the
results are shown in Fig 6.6(c). The mesoporous Co 3 O 4 -KIT electrodes demonstrated
superior electrochemical performance. Even at the high current density of 300 mA/g,
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the mesoporous electrode exhibited almost the same specific capacity as at low
current density. Recently, mesoporous Co 3 O 4 nanobelts were reported to deliver
1400 mAh/g capacity at a low current rate of 40 mAh/g [390]. This enhancement
also could be attributed to their high surface area and interconnected porous
structure, which provides extra active sites for Li+ storage.

The performance of the mesoporous Co 3 O 4 -SBA nanowire electrodes was also
systematically investigated and the corresponding results are shown in Fig. 6.7(a)
and (b). They exhibited similar electrochemical behavior to that of the mesoporous
Co 3 O 4 -KIT electrodes. Compared to the Co 3 O 4 -KIT electrodes, the electrochemical
performance of Co 3 O 4 -SBA is inferior. From the CV results, we can see that the

Fig. 6.7 (a) Cyclic voltammograms of the mesoporous Co3O4-SBA nanowires in lithium-ion cells.
(b) Discharge and charge profiles of the mesoporous Co3O4-SBA nanowire electrode. The inset is
the discharge capacity vs. cycle number.
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intensity of anodic peaks at the 10th cycle is decreased compared to the 2nd cycle,
which indicates a loss of capacity. From the cycling performance shown in Fig.
6.7(b), the initial capacity of Co 3 O 4 -SBA is 1420 mAh/g. After 100 cycles, the
capacity is only 710 mAh/g, which is 50% capacity retention compared to the initial
cycle.

However, long-term cyclability and high-current performance are not clear. The
extraordinary performance of our mesoporous Co 3 O 4 material should be attributed to
the highly ordered mesoporous structure, in which the electrolyte can easily diffuse
into the mesopores. On the other hand, the thin walls in the mesoporous structure (a
few nm) provide a short path for lithium ion diffusion and migration, thereby
inducing excellent electrochemical performance.

6.5 Conclusion

In conclusion, we have synthesized two types of highly ordered mesoporous Co 3 O 4 ,
one with a KIT-6 cubic structure and the other with an SBA-15 hexagonal structure.
Small angle X-ray diffraction, TEM, HRTEM, and N 2 sorption analysis revealed the
highly ordered mesoporous structures of the as-prepared products. When used as
anodes for lithium storage in lithium ion cells, mesoporous Co 3 O 4 electrodes
demonstrated excellent electrochemical performance. The initial capacity of Co 3 O 4 KIT and Co 3 O 4 -SBA was 1760 mAh/g and 1420 mAh/g, respectively. After 100
cycles, they exhibited a discharge capacity of 1200 and 710 mAh/g, respectively,
which is much higher than for commercial anode. These mesoporous anode materials
are promising in battery application in future.
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Chapter 7
Highly Ordered Mesoporous NiO for High Power Lithium Ion
Batteries

7.1 Abstract

In this chapter, we report a highly ordered mesoporous NiO material synthesized by
a nanocasting method using mesoporous silica KIT-6 as a hard template. The NiO
material was characterized by small angle X-ray diffraction (SAXRD), nitrogen
sorption, and transmission electron microscopy (TEM). The results demonstrate that
the as-prepared mesoporous NiO has highly ordered Ia3d symmetric mesostructure,
with a high surface area of 96.03 m2/g. The resulting mesoporous NiO was tested as
an anode material for the lithium ion battery, with the results revealing that the new
material presents much lower activation energy (20.75 kJ/mol) compared to the bulk
NiO (45.02 kJ/mol). The mesoporous NiO electrode can provide higher lithium
intercalation kinetics than its bulk counterpart. The specific capacity of mesoporous
NiO after 50 cycles is 680 mAh/g at 0.1C, which is much higher than that of the
commercial bulk NiO (188 mAh/g). Furthermore, at a high rate of 2C, the capacity of
mesoporous NiO is as high as 515 mAh/g, which is sufficient for the next generation
electrode material for high power lithium ion batteries.

7.2 Introduction

Research and development (R&D) on the lithium ion battery has progressed rapidly
since its first commercialization in the 1990s. Rechargeable lithium ion batteries
have revolutionized portable electronic devices and become the dominant power
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sources for mobile phones, laptop computers, digital cameras, videos, etc. because of
their superior energy density [11]. The worldwide market for rechargeable lithium
battery is now valued at 10 billion US dollars per annum and is growing quickly.
Lithium ion batteries are also the potential power sources for future electric vehicles
or hybrid electric vehicles, which are crucial for the reduction of pollutant gaseous
emissions arising from transportation.

Although the lithium ion battery has a high energy density, it is a low-power device
which can be used only at low charge/discharge current. The intrinsic diffusivity of
the lithium ions in the solid state limits the rate of intercalation/de-intercalation,
which is one of the barriers that prevent lithium ion batteries from being
commercialized in electric vehicles. Therefore, some studies have attempted to
improve the high intercalation rate performance of electrode materials for high power
lithium ion batteries [6, 227, 391-400]. In these efforts, nanomaterials with high
surface areas, short paths for lithium ion transport, and high reactivity for lithium ion
intercalation/deintercalation can meet the requirements of new generation lithium ion
batteries [6]. Different types of nanomaterials have been investigated as high
performance electrode materials for lithium ion batteries, including nanoparticles
[227, 391], one-dimensional nanostructures (nanorods, nanowires, and nanotubes)
[202, 392-395], two-dimensional nanostructures (nanobelts and nanosheets) [396398], and three-dimensional nanostructures (mesoporous) [399, 400] .

Recently, a series of novel mesoporous structured materials have been developed as
electrode materials for lithium ion batteries. Both cathode materials (such as
LiCoO2, LiMn 2 O 4 , MnO 2 , LiFePO 4 , and LiTiO 2 ) [298, 300, 401-403] and anode
materials (such as Co 3 O 4 , SnO 2 , TiO 2 , and MoO 2 ) [257, 392, 404-406] have been
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extensively investigated. The mesoporous structured materials can provide high
surface area, large surface-to-volume ratio, and favorable structural stability against
volume expansion. These characteristics are beneficial to the electrochemical
properties because they can lead to fast ion/electron transfer, sufficient contact
interface between active materials and electrolyte. The electrochemical results
illustrate that the electrochemical properties of mesoporous materials are improved
comparing to their bulk counterparts.

Metal oxides have been widely investigated as anode candidates because they have
higher specific capacity and volumetric energy density than the commercial graphite
anode [227, 407-410]. In previous reports, a variety of NiO materials were applied to
lithium ion batteries [227, 411-414], but none of them achieved excellent long term
and high rate performance as a qualified anode material for a high power lithium ion
battery. The undesirable performance can be ascribed to the volume change and
subsequently particle pulverization during the charge/discharge process. The
mesoporous structured materials can provide porous voids as buffer layer to protect
electrode materials from pulverization. However, so far, there has been no report
about highly ordered mesoporous NiO for rechargeable lithium ion batteries.

In this paper, we report an ordered mesoporous NiO for high power lithium ion
battery application. The electrochemical results show that the mesoporous NiO has
excellent electrochemical performance of 680 mAh/g after 50 cycles. We have also
conducted measurements such as ex-situ X-ray diffraction, cyclic voltammetry, and
electrochemical impedance spectroscopy to explore the mechanism and kinetics of
lithium ion insertion/extraction in the mesoporous NiO electrode. The result reveals
that the enhancement of electrochemical performance of mesoporous NiO is related
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to the lower activation energy of mesostructured material compared to its bulk
counterpart.

7.3 Experimental

Synthesis of highly ordered mesoporous NiO

Highly ordered mesoporous SiO 2 with a cubic Ia3d mesostructure (KIT-6) was
synthesized according to the previous report [376] and used as a hard template in the
synthesis of mesoporous NiO. In a typical synthesis, 10 g of poly(ethylene glycol)block-poly(propylene glycol)-block-poly(ethylene glycol) surfactant P123, 21.5 g of
condensed HCl (32%), and 10 g of butanol were added into 360 g of distilled water,
and the mixture was stirred at 35 °C to form a homogeneous solution. Then, 21.5 g of
tetraethyl orthosilicate (TEOS) was added with stirring maintained for 24 h at 35 °C.
The mixture was transferred into a closed Teflon-lined stainless steel autoclave and
subsequently heated at 100 °C for 24 h under static conditions for the hydrothermal
treatment. The resultant white solid product was filtered without washing and dried
at 100 °C. Then, the powder was washed with an ethanol-HCl mixture, dried, and
sintered at 550 °C to remove surfactants and obtain the final mesoporous SiO 2 .

The mesoporous NiO replicas from 3D cubic porous KIT-6 were obtained using a
nanocasting method [369]. Typically, 3-6 mmol of Ni(NO 3 ) 2 ·6H 2 O precursor was
dissolved in 15-30 mL of ethanol to form a transparent solution. Then, 0.45 g of dry
KIT-6 samples was added to the solution. After stirring for 12 h, the solvent was
removed by evaporation at room temperature. The solid materials were ground and
sintered at 400 °C for 2 h to decompose the nitrate. The impregnation step was
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repeated a second time to obtain nickel precursor/SiO 2 composite. The composites
were then calcined at 600 °C for 6 h, and the silica templates were removed by
stirring twice with 2 M hot sodium hydroxide solution. The final mesoporous NiO
was obtained after washing with distilled water and drying in oven at 50 °C.

Characterizations

Small angle and wide angle X-ray diffraction (XRD) patterns were collected by a
Bruker D8 Advanced X-ray diffractometer using Cu Kα radiation (λ = 0.15406 nm).
For the ex-situ X-ray diffraction testing, cells were cycled to the required voltage and
opened in air. The cycled electrodes were washed with N-methyl-2-pyrrolidone
(NMP) and ethylene carbonate (EC)/dimethyl carbonate (DMC) solution to remove
the binder and lithium salt before X-ray testing. Nitrogen sorption was measured by
using a Quadrasorb SI analyzer at 77 K in liquid nitrogen. Multi-point BrunauerEmmett-Teller (BET) testing was used to measure the surface area within the relative
pressure range between 0.05-0.25 P/P0, where P0 is atmospheric pressure. BarretJoyner-Halenda (BJH) analysis was used to determine the pore volume and pore size
distribution. Transmission electron microscopy (TEM, JEOL 2011) was used with an
accelerating voltage of 200 kV to investigate the microstructure of mesoporous NiO
material.

Electrochemical testing

The NiO anode electrodes were fabricated by mixing the active materials with
acetylene black (AB) and a binder, poly(vinylidene fluoride) (PVdF), at weight ratios
of 40:40:20. The mixed powder was dispersed in N-methyl-2-pyrrolidone (NMP)
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solvent to form a homogeneous slurry and uniformly pasted on Cu foil with a blade.
These prepared electrode sheets were dried at 120 °C in a vacuum oven for 12 h and
pressed under a pressure of 200 kg/cm2. CR2032-type coin cells were assembled in a
glove box for electrochemical characterization. The electrolyte was 1M LiPF6 in a
1:1 of ethylene carbonate and dimethyl carbonate. Li metal foil was used as the
counter and reference electrode. The cells were galvanostatically charged and
discharged in a current density range of 0.1-2 C within the voltage range of 0.01–3
V. Cyclic voltammetry (CV) curves were collected by an electrochemistry
workstation (CHI660C) at 0.1 mV/s within the range of 0.01-3.0 V. Princeton
Applied Research 2273 apparatus was used to carry out electrochemical impedance
spectroscopy (EIS) measurements; the excitation voltage applied to the cells was 5
mV and the frequency range was from 100 kHz to 10 mHz at room temperature. The
activation energy measurements were carried out between 100 kHz and100 mHz at
different temperatures of 35, 40, 45, 50 °C, respectively.

7.4 Results and discussion

The regularity of the mesoporous structure was examined by small angle X-ray
diffraction (SAXRD), as shown in Fig. 7.1. The SAXRD pattern of NiO shows the
diffraction peak at 0.9º, corresponding to the (211) plane reflection of cubic Ia3d
mesoporous structure. The well-defined diffraction peak of the pattern can be
attributed to long range regularity, namely, highly ordered mesoporous structure of
the material. The d-value calculated from the Bragg equation is 9.81 nm, which
corresponds to the unit cell parameter a, 24.0 nm. The wide angle XRD pattern
shown as the inset of Fig. 7.1 demonstrates the crystalline structure of mesoporous
NiO. The diffraction peaks from 30 to 85 º can be indexed with the standard cubic
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bunsenite mineral structure (JPCDS No. 001-1239, space group Fm3m). The size of
the polycrystalline particles, D, can be calculated according to the Scherrer equation
[304].

D = kλ / β cos θ

（Eq.7.1）

where the parameters k, λ, β, and θ correspond respectively to the shape factor
(normally assigned a value of 0.89), the wavelength of the X-ray irradiation (0.15406
nm), the half-peak width, and the Bragg angle. The mean particle size is determined
to be around 8.1 nm by estimating from different crystallographic directions.

The nitrogen sorption isotherms and corresponding pore size distributions of

Fig. 7.1 The small angle and wide angle (inset) X-ray diffraction patterns of the mesoporous NiO.
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mesoporous SiO 2 template and NiO product are shown in Fig. 7.2(a) and (b). Both of
the sorption isotherms are matched with the type IV isotherm as defined by the
International Union of Pure and Applied Chemistry (IUPAC) [311]. The surface
areas of the mesoporous SiO 2 template and the NiO product are calculated as 853.96
and 96.03 m2/g. The hysteresis loops are a characteristic feature of the type H1
isotherm, which are associated with capillary condensation in mesopore structures.
Such hysteresis loops exhibit a variety of shapes. For the mesoporous SiO 2 KIT-6
template, the two branches of sorption are almost vertical and nearly parallel over an
appreciable range of gas uptake and exhibit limiting adsorption at high P/P0. In
contrast, the nitrogen sorption isotherm of mesoporous NiO shows two slopes
located at the relative pressure of 0.4 and above 0.8, which reveal a bimodal pore
size distribution. The pore size distribution of the mesoporous SiO 2 template and the
NiO product calculated from Barrett-Joyner-Halenda (BJH) method are shown as
inset figures, which reveal that both of them have highly uniform pore size. The pore
size of mesoporous SiO 2 template KIT-6 is 8.83 nm. This value matches the
corresponding polycrystalline particle calculated by the Scherrer equation. The pore
size of the template can be controlled by hydrothermal treatment at different
temperatures [376]. For the mesoporous NiO, two types of pores with different pore
sizes exist, which may be attributed to different formation mechanisms. The first
peak at the mean value of 3.48 nm is attributed to the void space. The mesopores at
about 21 nm are related to the space between NiO secondary particles. The BET
surface area of mesoporous NiO is calculated to be 96 m2/g, which is similar to the
reported value of mesoporous NiO [415].
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Fig. 7.2 The nitrogen sorption isotherms of (a) KIT-6 template and (b) mesoporous
NiO. The insets are their pore size distribution curves.
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Transmission electron microscopy (TEM) observations reveal the mesostructure of
the NiO replica, as shown in Fig. 7.3. The low magnification TEM image in Fig.
7.3(a) reveals the highly ordered mesostructure of the NiO product almost
throughout the whole particle domain. The secondary particles with sizes between

Fig. 7.3 The transmission electron microscope images of the mesoporous NiO at different
magnifications: (a) Low magnification view of mesostructured NiO particles. The left-top
inset is the corresponding selected area electron diffraction pattern. (b) The highly ordered
mesoporous structure observed at a magnification of 20000×. TEM images of highly ordered
mesoporous NiO along the (c) [100] and (d) [111] directions. (e) High resolution TEM image
of crystal lattice structure of mesoporous NiO.
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100-200 nm stack to form the pore size distribution around 21 nm. The selected area
electron diffraction (SAED) pattern of the inset image in Fig. 7.3(a) demonstrates the
polycrystalline structure of the mesoporous NiO. In the electron diffraction ring
pattern, each ring represents the electron diffraction from different lattice planes. The
lattice planes were indexed by matching the calculated d, the inter-planar spacing,
with the standard d-spacings from powder diffraction file (PDF) cards. The dspacings corresponding to the ring can be calculated from the formula Rd = Lλ,
where R is the radius of each ring, d is the d-spacing to be calculated, and L and λ are
the camera length and the electron wavelength, respectively. Higher magnification
images, as shown in Fig. 7.3(b), illustrate the fine structure of highly ordered
mesoporous NiO material. This highly ordered mesoporous structure provides solid
evidence that high level infiltration had been achieved by the solvent evaporation
method.

The particle size, namely, the wall thickness of the mesoporous NiO, is around 8 nm
from the TEM observations. This value is in agreement with the particle size
calculated from the Scherrer equation (8.1 nm) and the pore size of the mesoporous
SiO 2 template calculated from the BJH method (8.83 nm). Typical planes of cubic
mesostructured NiO are shown in Fig. 7.3(c) and (d). The particle networks of square
and equilateral triangles represent the planes along the [100] and [111] directions.
The sizes of the pores in different planes, are in good agreement with the unit cell
parameter (24.0 nm) which was obtained from SAXRD results. High resolution TEM
images, as shown in Fig. 7.3(e), reveal the crystal lattice structure of mesoporous
NiO. The interplanar distance of 0.240 nm, which is measured from the TEM image,
corresponds well with the d-spacing of the (111) planes in crystalline Bunsenite NiO.
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The TEM images, as well as the SAXRD and nitrogen sorption results, illustrate that
the NiO product has a highly ordered mesoporous structure.

Fig. 7.4 (a) Discharge/charge profile of mesoporous NiO electrode for the first cycle.
The voltage stages for such cells, where the letters a to h denote the different
lithiation states of the electrode materials for the corresponding ex-situ X-ray
patterns, are indicated. (b) Ex-situ X-ray diffraction patterns collected at various
charge and discharge states of NiO/Li electrochemical cells.
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The mesoporous NiO was tested as anode material for lithium ion batteries. The
fundamental mechanism of how NiO works as anode material in lithium ion batteries
was investigated by a combination of electrochemical measurements and ex-situ
XRD analysis. Fig. 7.4(a) shows the discharge/charge curves of mesoporous NiO for
the first cycle. A series of partially lithiated cells were selected in different voltage
states, as the letters a to h denote in Fig. 7.4(a), for ex-situ XRD measurements.
During the first charge process from 3 to 0.01 V, the plateau of 0.7 V represents the
conversion from NiO to Ni0, which is associated with electrolyte decomposition and
the lithiation reaction to form Li 2 O. The ex-situ XRD patterns of a to e demonstrate a
transformation from crystalline NiO to amorphous Ni. During the charge process, the
Ni0 was oxidized to NiO, which presents a plateau at about 2.2 V. The crystalline
structure of NiO was built up during the oxidation reaction. However, the
crystallinity of NiO after the first cycle was degraded compared to the NiO before
testing. The redox reaction of lithium insertion/extraction at NiO anode can be
summarized as follows:

NiO+2Li++2e- ↔ Ni0+Li 2 O

(Eq. 7.2)

2Li ↔ 2Li++2e-

(Eq. 7.3)

NiO +2Li ↔Ni0+Li 2 O

(Eq. 7.4)

Cyclic voltammetry (CV) measurements can also be used to reveal the
electrochemical reaction mechanism. Fig. 7.5(a) and (b) represent the CV profiles of
the commercial bulk and mesoporous NiO anodes for the first 3 cycles at the
scanning rate of 0.1 mV/s. For the CV curve of commercial bulk NiO, there is a
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broad peak that appears at about 0.25 V in the cathodic process in the first cycle,
which could be associated with electrolyte decomposition and the reversible
conversion reaction of lithium ion intercalation to form Li 2 O. An anodic peak is
present at about 2.18 V, corresponding to the reversible oxidation of Ni0 to Ni2+.
During the anodic process, both the peak current and the integrated area of the anodic
peak are decreased, indicating capacity loss during the charging process. In the

Fig. 7.5 Cyclic voltammograms for the first 3 cycles for (a) bulk NiO and (b)
mesoporous NiO.
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subsequent 2nd and 3rd cycles, the cathodic/anodic peak potentials shift to 1.24/2.21
and 1.19/2.17 V, respectively. Fig. 7.5(b) shows the cyclic voltammetry profile of the
mesoporous NiO for the first 3 cycles. For the first cycle, the cathodic/anodic peaks
located at 0.411/2.245 V, correspond to the discharge/charge plateaus of 0.7/2.2 V in
Fig. 7.4(a). The differences in value are attributed to the mismatch between the
charge transfer and mass transfer processes during the CV testing. Compared to the
bulk NiO electrode, the peak current and integrated peak area of the mesoporous NiO
in the first cycle are much higher, indicating that the mesoporous electrode has
higher capacity and reactivity. The CV curves of the mesoporous NiO electrode are
stable and well matched after the second cycle, indicating high reversibility and good
retention for mesoporous NiO electrodes.

The Nyquist plots of the AC impedance for the commercial and mesoporous NiO
powders, which were measured in the open circuit voltage state using fresh cells, are
shown in Fig. 7.6(a). Both profiles exhibit a semicircle in the high frequency region
and a straight line in the low frequency region. For each curve, the straight beeline in
the low frequency region represents typical Warburg behavior, which is related to the
diffusion of lithium ions in the active anode materials. The depressed semicircle in
the moderate frequency region is attributed to the charge transfer process. The
numerical value of the diameter of the semicircle on the Z re axis gives an
approximate indication of the charge transfer resistance (R ct ). It is apparent that the
charge transfer resistance of mesoporous NiO is much lower than that of the
commercial material. This improvement can be attributed to the facile charge transfer
at the nanoscale NiO walls/electrolyte interface compared to the bulk counterpart.
This reduction of the charge transfer resistance is beneficial for enhancing the

- 145 -

Chapter 7 Highly Ordered Mesoporous NiO for High Power Lithium Ion Batteries

electron kinetics in the electrode material and hence, improving the electrochemical
performance of the mesoporous NiO electrode for lithium storage.

For the lithium ion intercalation reaction, the apparent activation energy (E a ),
namely, the energy barrier between the reactant and the product has different values
for each material. The E a for lithium intercalation and the exchange current (i 0 ) can
be calculated from the following equation [312, 416].

Fig. 7.6 (a) Nyquist plots of bulk and mesoporous NiO in the frequency range between 100k and
10m Hz at room temperature. Electrochemical impedance spectra (EIS) for the cells made from
(b) bulk NiO and (c) mesoporous NiO at different temperatures of 35, 40, 45, 50 °C. (d)
Arrhenius plots of log i0 versus 1/T for the electrodes made fromfbulk and mesoporous NiO.
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i 0 = RT/(nFR ct ) = Aexp(-E a /RT)

(Eq. 7.5)

where R is the gas constant, T is the absolute temperature, n is the number of
transferred electrons, F is the Faraday constant, and A is a temperature-independent
coefficient. The electrochemical impedance spectra collected at

different

temperatures are shown as Fig. 7.6(b) and (c). The activation energies are 45.02 and
20.75 kJ/mol for bulk and mesoporous NiO, respectively, as calculated from the
Arrhenius plots (Fig. 7.6(d)). The lower activation energy of mesoporous NiO
indicates the higher reactivity for lithium intercalation. This enhanced kinetics is due
to the high surface area of the mesoporous NiO, making for efficient contact of the
nanowalls with the electrolyte. This surface/interface character and the short pathway
for lithium ion diffusion decrease the polarization of the electrode and thus increase
the discharge capacity and high-rate capability.

The commercial bulk and mesoporous NiO powders were tested as anode materials
for the lithium-ion battery at the current density of 0.1C. The electrochemical
performances of the electrodes are shown in Fig. 7.7. The initial capacities of the
bulk and mesoporous NiO electrodes are 924 and 914 mAh/g, respectively, which
are almost at the same level. The extra capacities beyond the theoretical value are
probably due to the decomposition of non-aqueous electrolyte during the discharge
process. For the second cycle, the discharge capacities are reduced to 444 and 668
mAh/g, which represent 48% and 74% of their initial capacities. In subsequent
cycles, the discharge capacity of bulk NiO electrode keeps fading and only offers a
capacity of 188 mAh/g after 50 cycles. In contrast, the capacity of mesoporous NiO
from the second cycle is at a stable level around 700 mAh/g, which represents
excellent capacity retention. The discharge capacity of mesoporous NiO after 50
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cycles is as high as 680 mAh/g, which is 74.4% of the initial capacity. This
electrochemical enhancement of mesoporous NiO as anode material might be
attributable to the high surface area and high reactivity. The coulombic efficiencies
of the bulk and mesoporous NiO materials are shown as the hollow symbols in Fig.
7.7. Their initial efficiencies are 52.4% and 70.5, respectively. The higher initial
efficiency of mesoporous NiO electrode, demonstrating a lower irreversible capacity
of 269 mAh/g compared to bulk NiO. From the second cycle, the efficiencies of
mesoporous NiO electrode were kept at a stable level remained at a stable level,
approximately 97% to 99%. In contrast, the efficiencies of bulk NiO were lower than
for the mesoporous NiO from the beginning, and the values were lower over a broad
range compared to the mesoporous counterpart. The electrochemical improvement of

Fig. 7.7 Electrochemical performance of bulk (black solid squares) and mesoporous (red
solid dots) NiO, and their corresponding coulombic efficiencies (black hollow squares for
bulk and red hollow dots for mesoporous NiO).
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mesoporous NiO is not only ascribed to the high reactivity of the mesoporous
material, but also to the high contact area of the mesoporous material/electrolyte
interface. During the lithium ion intercalation/deintercalation, the internal pores of
mesoporous NiO are flooded with electrolyte, providing high contact surface area
and hence, a high flux of lithium ions across the interphase. The nanosize walls,
around 8 nm, as demonstrated by TEM, ensure short pathways for lithium ion
intercalation/deintercalation and hence, enhance the high rate of transport throughout
the mesoporous material.

Fig. 7.8. The electrochemical performance of mesoporous and bulk NiO at rates of 0.1, 0.2, 0.5,
1, and 2C, followed by a return to 0.5 and 0.1C step by step.

The high rate electrochemical performance of mesoporous NiO was investigated, as
shown in Fig. 7.8. The current was gradually increased from 0.1C to 0.2, 0.5, 1, and
2C. For each step, 5 cycles were measured to evaluate the capacity and the retention
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under different charge/discharge current conditions. The discharge capacity of bulk
NiO electrodes faded dramatically, even at the low current of 0.1C. The capacity
after 5 cycles was 404 mAh/g, which is only 42.5% capacity retention compared to
the initial cycle. When the bulk NiO cells were operated at an elevated current rate,
the capacity was decreased to an extremely low level. At the discharge rate of 2C, the
capacity is only 29 mAh/g. In contrast, the discharge capacities of mesoporous NiO
at 0.1, 0.2, 0.5, 1, and 2C were 712, 656, 607, 582, and 515 mAh/g, respectively,
revealing excellent high rate performance for the high power lithium ion battery.
When the testing currents were regularly returned to 0.5 and 0.1C, the discharge
capacities recover to the same level as the previous cycles which were running at
same currents. To the best of our knowledge, these are the best electrochemical
results for NiO anode material reported so far [227, 411-413].

The electrochemical improvement of mesoporous NiO electrode ascribed to some
desirable advantages related to the unique architecture of mesoporous NiO. Firstly,
the nanosize walls (around 8 nm as determined by XRD and TEM) in mesoporous
structures, provide short pathways for lithium ions diffusion, and therefore enhancing
the high rate transport throughout the mesoporous materials. Secondly, the uniform
size of the mesopores is crucial for the soaking of electrolyte. If the porosity between
the nanoparticles is random, the electrolyte may not flow into every small pore. In
the ordered mesoporous NiO phase, the pores are uniform in size and shape, and also
being connected in a continuous 3-dimensional network, which is favorable for
electrolyte inflow. This ordered mesoporous structures with high surface area induce
the intimate contact between electrolyte and active electrode materials to maximize
the contact area. Consequently, the high contact area of electrolyte/electrode can
provide more reaction sites for lithium ions intercalation/de-intercalation.
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Furthermore, the ordered pores can act as a buffer layer to protect the electrode from
pulverization due to the volume change during charge/discharge cycles, which is
favorable to achieve long term high capacity performance.

The combination of nanosize particles and ordered mesoporous structure can
generate high reactivity for lithium storage in mesoporous NiO electrodes.
Electrochemical measurement results demonstrate that the mesoporous NiO
electrode has lower activation energy and lower charge transfer resistance compared
to its bulk couterpart. This improvement and unique surface/interface characteristics
for lithium ion diffusion reduce the polarization of the electrode and therefore,
increases the discharge capacity and high-rate capability.

7.5 Conclusion

Highly ordered mesoporous NiO was successfully prepared by a nanocasting method
using cubic mesostructured silica KIT-6 as a hard template. The porous structure was
examined by SAXRD, BET, and TEM, which confirm a highly ordered Ia3d
symmetric mesoporous structure of the NiO product. The as-prepared mesoporous
NiO was investigated as the anode material for lithium ion batteries. The discharge
capacity of mesoporous NiO is 680 mAh/g at 0.1 C after 50 cycles, which is much
higher than for the commercial bulk NiO (only 188 mAh/g). The electrochemical
enhancement can be attributed to the advantages of mesoporous NiO compared to its
bulk counterpart, such as higher surface area for contact with electrolyte, shorter
pathways for lithium ion transfer, and lower activation energy for lithium ion
intercalation/deintercalation. The mesoporous NiO shows a capacity of 515 mAh/g at
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the 2C rate, indicating that the mesoporous NiO is a suitable anode candidate for
high power lithium ion batteries.
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Chapter 8
Magnetite/Carbon Core-Shell Nanorods as Anode Materials for
Lithium Ion Batteries

8.1 Abstract

Carbon coated magnetite (Fe 3 O 4 ) core-shell nanorods were synthesized by the
hydrothermal method, using Fe 2 O 3 nanorods as the precursor. Transmission electron
spectroscopy (TEM) and high resolution TEM (HRTEM) analysis indicated that a
carbon layer had formed a coating on the surfaces of the individual Fe 3 O 4 nanorods.
The electrochemical properties of Fe 3 O 4 /carbon nanorods as anodes in lithium-ion
cells were evaluated by cyclic voltammetry, ac impedance spectroscopy, and
galvanostatic charge/discharge techniques. The as-prepared Fe 3 O 4 /C core-shell
nanorods show an initial lithium storage capacity of 1120 mAh/g and a reversible
capacity of 394 mAh/g after 100 cycles, demonstrating better performance than that
of commercial graphite anode material.

8.2 Introduction

Since the commercialization of lithium-ion batteries in the early 1990s, studies of
electrode materials, both cathodes and anodes, have gone on continuously, aiming to
improve the overall performance of the battery system [11, 417]. In particular, many
new anode materials have been investigated for reversible lithium storage, such as
silicon, intermetallic alloys, and transition metal oxides [227, 418-420]. Silicon has a
large capacity for lithium ion storage, as high as 4200 mAh/g. Each Si atom can
accommodate up to 4.4 Li atoms, which causes large volume change during the
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charge/discharge process. This volume change effect causes destructive capacity
fading during cycling. For the transition metal oxides, the capacities are much higher
than that of graphitic carbon, and the volume change are not as great as for silicon
material. Thus, using transition metal oxides as anode materials seems a suitable
method for overcoming the drawbacks of alloy anode materials.

Over past decades, magnetite, an Fe 3 O 4 material, has been widely investigated for
ferromagnetic, biomedical, and catalysis applications [421-423]. Like other transition
metal oxide materials, Fe 3 O 4 can be used for lithium ion battery applications [424426]. However, Fe 3 O 4 suffers from limited lithium diffusion kinetics during the
intercalation/de-intercalation process. An effective approach to improve the
electrochemical performance of electrodes is carbon coating. Previous reports
provide evidence that the electrochemical properties of LiCoO 2 , LiFePO 4 , Si, and
TiO 2 are all distinctly enhanced after carbon coating [427-430]. It was reported
recently that after coating with a carbon matrix, the capacity of Fe 3 O 4 remains at
about 400 mAh/g after 30 cycles, which is higher than the capacity of commercial
carbon materials [431].

Herein, we successfully synthesized Fe 3 O 4 /C core-shell nanostructures. The carbon
coating was obtained from the decomposition of organic precursor. The
electrochemical performance of the as-prepared carbon coated Fe 3 O 4 nanorods as
anodes in lithium-ion cells has also been investigated.

8.3 Experimantal
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In a typical synthesis process, α-Fe 2 O 3 nanorods were synthesized via a
hydrothermal method. 0.324 g iron chloride (FeCl 3 , 2 mmol) and 0.3 g urea
(CO(NH 2 ) 2 , 5 mmol) were dissolved in 15 mL distilled water by magnetic stirring.
The solution was sealed in a Teflon-lined stainless steel autoclave and kept at 120 °C
for 10 hours. After cooling down to room temperature, the precipitate was washed
three times with distilled water and another three times with ethanol, and then dried
in a vacuum oven at 50 °C overnight. The crystalline Fe 2 O 3 nanorods were obtained
by sintering the precursor at 500 °C for 2 hours. Carbon coating was accomplished
by using citric acid as the carbon source. 0.2 g citric acid was dissolved in 5 mL
ethanol to form a transparent solution. Then, 0.2 g Fe 2 O 3 nanorods were added into
the solution and stirred in a sealed bottle for 24 h. After being dried and ground, the
final powder was obtained by sintering at 300 °C for 2 h in flowing Ar atmosphere.

The Fe 3 O 4 /C anodes were made up by mixing the active materials with acetylene
black (AB) and a binder, poly(vinylidene fluoride) (PVdF), at a weight ratio of
75:15:10, respectively, in N-methyl-2-pyrrolidone (NMP) solvent. The resultant
slurry was uniformly pasted on Cu foil with a blade. These as-prepared electrode
sheets were dried at 120 °C in a vacuum oven for 12 hours and pressed under a
pressure of approximately 200 kg/cm2. CR2032-type coin cells were assembled in a
glove box for electrochemical characterization. The electrolyte was 1 M LiPF 6 in a
1:1 mixture of ethylene carbonate and dimethyl carbonate. Li metal foil was used as
the counter and reference electrode.

The crystal structure of Fe 3 O 4 /C nanorods was characterized by X-ray diffraction
(XRD, Philips 1730). The thermogravimetric analysis and differential thermal
analysis data were collected using TA Instrument Q500 equipment in Ar atmosphere
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within the temperature range between 25°C and 800 °C. The morphology was
investigated by transmission electron microscopy (TEM, JEOL 2011). Cyclic
voltammetry (CV) measurements were conducted at 0.1 mV/s within the range of
0.01 - 3.0 V. In the electrochemical impedance spectroscopy (EIS) measurements,
the excitation voltage applied to the cells was 5 mV, and the frequency range was
between 100 kHz and 10 mHz. Both the CV and EIS measurements were carried out
on an electrochemistry workstation (CHI660C). The cells were galvanostatically
charged and discharged at the current density of 0.1 C in the voltage range from 0.01
V to 3.0 V.

8.3 Results and discussion

The thermogravimetric analysis (TGA) curve of the carbon source (citric acid) is
shown in Fig. 8.1. It can be seen that the citric acid started to lose weight from 150
°C. Then, the weight of the citric acid decreased rapidly due to the decomposition
reaction at high temperature. After the temperature was raised to 300 °C, the weight

Figure 8.1. TGA and DTA curves of citric acid.
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loss curve tended to be constant. The differential thermal analysis curve shows that
the highest weight loss rate occurred at the temperature of 210 °C, which is attributed
to the decomposition of organic material at that temperature. After the measurement
was ended at the temperature of 800°C, the residual material (carbon) was 5%
compared to the initial weight of citric acid.

Fig. 8.2 shows a typical XRD pattern of the Fe 3 O 4 /C core-shell nanorods that was
collected using Cu Kα radiation (λ = 0.15406 nm). The diffraction pattern of the
precursor Fe 2 O 3 confirms that the crystal structure is coincident with the standard
hematite (α-Fe 2 O 3 ) structure, JCPDS card No.33-0664. The crystal structure of the
Fe 3 O 4 /C composite can be indexed to the standard magnetite Fd-3m structure
(JCPDS No. 88-0315). When the Fe 2 O 3 nanorods were mixed with citric acid, they
were linked by their carbonyl function groups at the surface of Fe 2 O 3 , the reaction of
which represents the mechanism of the neutralization reaction. During the
subsequent high temperature treatment, the citric acid decomposed to carbon, and
then the carbon reduced the Fe 2 O 3 to Fe 3 O 4 . The transformation can be illustrated
by the following equation:

3Fe 2 O 3 + C → 2Fe 3 O 4 + CO↑

(Eq. 8.1)

Impurity of α-Fe 2 O 3 phase was not found in the XRD patterns of the Fe 3 O 4 ,
indicating that the α-Fe 2 O 3 was completely transformed to magnetite Fe 3 O 4 . The
broad, low intensity peak in the range of 20-30 degrees reveals the existence of the
carbon in the as-prepared product.
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Fig. 8.2. X-ray diffraction patterns of the precursor α-Fe 2 O 3 and the Fe 3 O 4 /C
core-shell nanorods.

Fig. 8.3(a) shows a bright-field TEM image of as-prepared carbon coated Fe 3 O 4
nanorods. The individual nanorods are agglomerated into bundles, in which we can
clearly see that all the nanorods are coated with a layer of amorphous carbon. The
Fe 3 O 4 nanorods have a diameter in the range of 30 – 50 nm and a length extending
to a few hundred nanometers. It should that the size of the Fe 3 O 4 nanorods is smaller
than that of the nanorods in the Fe 2 O 3 nanorod precursor (60-80 nm in diameter and
300-500 in length, as described in Chapter 4). This size shrinkage is due to the
combination of the acid-etching process and subsequent carbothermal reaction. The
corresponding selected area electron diffraction pattern was collected and is shown
as the inset in Fig. 8.3(a). All diffraction rings can be indexed to the cubic Fd-3m
crystal structure. Fig. 8.3(b) shows a TEM image of a single Fe 3 O 4 nanorod, further
illustrating the effect of the carbon coating. A HRTEM image of this Fe 3 O 4 nanorod
is shown in Fig. 8.3(c), in which the Fe 3 O 4 lattice and a layer of amorphous carbon
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with a thickness of about 2-5 nm can be clearly resolved. We also performed energy
dispersive X-ray (EDX) analysis (not shown) on the amorphous layer and proved
that it is carbon. Therefore, TEM and HRTEM analysis unambiguously confirmed
the successful coating of a layer of carbon on the surface of the Fe 3 O 4 nanorods.

Fig. 8.3 (a) Low magnification TEM image of the carbon coated Fe 3 O 4 /C core-shell
nanorods. The inset is the corresponding selected area electron diffraction (SAED) pattern.
(b) High magnification TEM image of a single Fe 3 O 4 /C core-shell nanorod, showing the
carbon coating. (c) HRTEM image of the edge of a Fe 3 O 4 /C core-shell nanorod, in which
the Fe 3 O 4 lattice and amorphous carbon layer can be clearly resolved.
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The electrochemical properties of the Fe 3 O 4 /C core-shell nanorods as anode in
lithium-ion cells were investigated by cyclic voltammetry (CV) and ac impedance
spectroscopy. The CV curves for the first three cycles are shown in Fig. 8.4(a). In the
first cycle, two peaks, a bulky peak and a tiny peak, in the cathodic processing are
observed at about 0.4 V and 0.5 V, which can be attributed to the reduction of Fe3+ or
Fe2+ to Fe0 and the irreversible reaction with the electrolyte. In this step, the
conversion of Fe 3 O 4 to Fe and the formation of amorphous Li 2 O are the cause of the
irreversible capacity during the discharge step. Meanwhile, a main peak is recorded
at about 1.65 V in the anodic process, corresponding to the oxidation of Fe0 to Fe3+
during the anodic processing. During the subsequent cycles, both cathodic and

Fig. 8.4 (a) Cyclic voltammetry (CV) curves of Fe3O4/C core-shell nanorods for the first 3
cycles. (Scanning rate: 0.1 mV/s in the range of 0.01 - 3.0 V). (b) Nyquist plots of ac impedance
spectra in the frequency range between 100 kHz and 10 mHz (measured in the open circuit
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anodic peaks are positively shifted compared to the first cycle. The gradually
decrease in the redox peak intensity implies that the capacity is decreased during
cycling. Fig. 8.4(b) shows typical Nyquist plots, from a fresh cell and after 3 cycles
of CV measurement using the same cell. The profiles were obtained at open circuit
voltage in the frequency range from 100 kHz -10 mHz. For the fresh cell, the
depressed semicircle in the moderate frequency region is attributed to the charge
transfer process. The value of the charge transfer resistance is around 1100 Ω. After
3 cycles, the size of the semicircle is smaller than for the fresh cell, indicating that
the charge transfer processing becomes easier after several charge/discharge cycles.
The decrease of the charge transfer resistance, R ct , may be related to the destruction
of the passivation layer on the lithium metal surface [432].

The capacity and cyclability of the Fe 3 O 4 /C core-shell nanorods were tested via
constant current charge and discharge cycling at the rate of 0.1 C. The inset figure in
the top right corner of Fig. 8.5 contains the charge/discharge curves for the first
cycle. The obvious potential plateaus during charge/discharge processing are located
at 0.8/1.6 V, respectively. The plateau values approximately match the values of the
redox peaks in the CV curves. Due to the hysteresis in the CV technique, the voltage
value of the cathodic peak is shifted in a negative direction, and the anodic peak is
positively shifted compared to the voltages of the charge/discharge plateaus. The
discharge capacity in the first cycle is 1126 mAh/g, which is higher than the
theoretical capacity of Fe 3 O 4 . The capacity excess over the theoretical value can be
attributed to the decomposition of the electrolyte and the formation of the solid
electrolyte interphase (SEI) layer in the first cycle. The charge capacity was 807
mAh/g, which represents 71.7% coulombic efficiency in the first cycle. The cell was
continuously cycled for 100 cycles. The cyclability is shown in Fig. 8.5 and
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demonstrates a high coulombic efficiency of more than 99% on long-term cycling.
After 100 cycles, the discharge capacity remains at 394 mAh/g. The discharge
capacity after 100 cycles is higher than that of commercial graphite anode material.

Fig. 8.5 The electrochemical cycling performance of Fe 3 O 4 /C core-shell
nanorods at the charge/discharge rate of 0.1 C. (Inset: First cycle
charge/discharge profiles of the Fe 3 O 4 /C composite).

8.5 Conclusion

Using citric acid as the carbon source and reductive agent, carbon coated Fe 3 O 4 /C
core-shell nanorods were successfully prepared. The XRD pattern shows that the
product has the magnetite structure. TEM and HRTEM analysis clearly show that a
carbon coating has been deposited on the surfaces of the Fe 3 O 4 nanorods. The initial
discharge capacity of the composite is as high as 1126 mAh/g. The capacity retention
after 100 cycles remains at 394 mAh/g, which is higher than that of commercial
graphite material.
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Chapter 9
Electrochemical Performance of LiFePO 4 Cathode Material
Coated with ZrO 2 Nanolayer

9.1 Abstract

ZrO 2 coated LiFePO 4 particles were successfully prepared by the chemical
precipitation method. A nanolayer coating of ZrO 2 was found to be present on the
surface of the LiFePO 4 by high resolution transmission electron microscopy
(HRTEM). The coating does not affect the crystal structure from the X-ray
diffraction (XRD) data. The ZrO 2 coating can remarkably improve the
electrochemical performance at high charge/discharge rate. This improvement may
be due to the amelioration of the electrochemical dynamics on the LiFePO 4
electrode/electrolyte interface which results from the ZrO 2 coating.

9.2 Introduction

Since the first report in 1997, LiFePO 4 has been widely investigated as a promising
cathode material to replace LiCoO 2 in lithium-ion batteries. LiFePO 4 cathode
material demonstrates reversible lithium intercalation at around 3.4 V (vs. Li+/Li)
with a theoretical capacity of 170 mAh/g [89, 90]. LiFePO 4 is the most attractive
cathode material for large-scale high power lithium-ion batteries, such as for electric
vehicle (EV) and hybrid electric vehicle (HEV) applications, due to its low cost,
abundant raw materials, and environmental benignity.
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The main obstacle to LiFePO 4 is its low electronic and ionic conductivity. At room
temperature, the electronic conductivity of pristine LiFePO 4 is only 10-9-10-10 S/cm
[99], which is much lower than those of LiCoO 2 (~10-3 S/cm) and LiMn 2 O 4 (2×10-5
- 5×10-5 S/cm) [433-435]. Besides, the tetrahedral polyanion (PO 4 )3- blocks lithium
ion migration during the charge/discharge process, which limits the lithium ion
reactive dynamics on the LiFePO 4 /FePO 4 interface. The low electronic conductivity
causes remarkable capacity fading when the LiFePO 4 cathode operates at a high
charge/discharge rate. In order to overcome this drawback, a conductive agent
coating is used to enhance the electronic conductivity. Carbon coating is a common
method to overcome the limited rate capacity, because the dispersed carbon provides
pathways for electron transference, resulting in improvement of the conductivity and
electrochemical properties [96, 436, 437]. In addition, small metal particles and
conductive polymers are also available as coating materials [101, 120, 121]. On the
other hand, doping by supervalent cations increases the electronic conductivity of
LiFePO 4 by a factor of ~108 [99]. Other studies of alien cation doping, either on Li
sites (M1) or Fe sites (M2), have demonstrated that the electrochemical performance
of LiFePO 4 could be improved by doping [137, 438]. However, the doping
mechanism is controversial [132, 133]. Islam et al. have claimed that LiFePO 4 is not
tolerant of aliovalent doping on either Li (M1) or Fe (M2) sites [133].

Morphology control is crucial to improve the electrochemical performance of
LiFePO 4 . Ceder et al. reported that LiFePO 4 nanoparticles can be synthesized by the
ball milling method [144]. A high rate capability equivalent to full battery discharge
in 10-20 s can be achieved. The results shows that the high energy density achieved
by storing charge in the bulk of a material can also achieve ultra-high discharge rates,
comparable to those of supercapacitors. However, there are some controversies about
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this high charge/discharge technique in lithium ion battery testing [439]. Recently,
another report investigated the morphology controlled hydrothermal synthesis of
LiFePO 4 . [440]. Nanoparticles, nanoplates, and microplates were prepared by the
solvothermal method, using polyethylene glycol 400 (PEG400) as surfactant under
different treatment conditions. The electrochemical results demonstrated that the
nanoparticles and nanoplates showed greatly enhanced performance compared to the
microplates.

According to the previous reports, oxide coating is favorable to improve the
electrochemical properties of cathode materials such as LiCoO 2 , LiNiO 2 , and
LiMn 2 O 4 [50, 441-444]. ZrO 2 , Al 2 O 3 , TiO 2 , and B 2 O 3 are used as coatings on the
LiCoO 2 to make a zero-strain cathode by restraining the H-M-H transformation
during the charge/discharge process. The cycling performance of coated LiCoO 2
increases in the following order: B 2 O 3 < TiO 2 < Al 2 O 3 < ZrO 2 , which is consistent
with their toughness [50]. Oxide coatings on LiMn 2 O 4 are effective for preventing
Mn dissolution into the electrolyte and keeping the structure stable [444,
445]. However, there has been no report as yet on oxide coating on the LiFePO 4
particle surface.

Herein, we report for the first time on ZrO 2 nanocoating on the LiFePO 4 particle
surface and on the resultant electrochemical performance enhancement. The ZrO 2
coated LiFePO 4 was obtained using the chemical precipitation method. Instrumental
techniques were used to characterize and test the electrochemical properties of the
coated LiFePO 4 as cathode material.

9.3 Experimental
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The coating with ZrO 2 coating was conducted by a chemical precipitation method,
using commercial LiFePO 4 from DLG Battery Co. Ltd, China. The LiFePO 4 was
mixed in distilled water with magnetic stirring for 15 min. Then, 1 or 2 drops of
dilute sulphuric acid was added to create activated sites on the LiFePO 4 surface.
After stirring for another 15 min, a 0.1 M ZrCl 4 solution was added in and stirred for
2 hours. Zr(OH) 4 precipitation was induced by adding sodium hydroxide until the pH
value was between 7 and 8. The mixture was filtered and washed three times with
distilled water, and then dried at 50 °C overnight. Finally, the powder was sintered at
600 °C for 2 hours in inert atmosphere. The nominal ZrO 2 percentage was kept to 1
wt%.

The cathode electrodes were made up by mixing the active materials with acetylene
black (AB) and a binder, poly(vinylidene fluoride) (PVdF), at a weight ratio of
85:10:5, respectively, in a N-methyl-2-pyrrolidone (NMP) solvent. The slurry was
uniformly pasted on Al foil with a blade. These prepared electrode sheets were dried
at 120 °C in a vacuum oven and pressed under a pressure of approximately 200 kg
cm-2. 2032-type coin cells were assembled for electrochemical characterization. The
electrolyte was 1 M LiPF 6 in a 1:1 mixture of ethylene carbonate and dimethyl
carbonate. Li metal foil was used as the counter and reference electrode.

The microstructure and morphology of the bare and coated LiFePO 4 were
characterized by XRD (Philips), SEM (JEOL JEM-3000), and TEM (JEOL 2011).
The cells were galvanostatically charged and discharged at a current density of 0.1 C
or 1 C within a range of 2.5 V to 4.2 V. CV curves were collected at 0.1 mV/s within
the range of 2.5 - 4.5 V. In the EIS measurements, the excitation voltage applied to
the cells was 5 mV, and the frequency range was between 100 kHz and 10 mHz.
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9.4 Results and discussion

Fig. 9.1 shows the X-ray diffraction (XRD) patterns of bare and ZrO 2 -coated
LiFePO 4 powders. All diffraction lines can be indexed to the ordered orthorhombic
olivine crystal structure (space group: P nmb ). At the 600 °C synthesis temperature, the
structure of zirconium oxide is monoclinic [446]. However, no diffraction lines
corresponding to ZrO 2 phase appeared in the XRD diffraction pattern of ZrO 2 coated
LiFePO 4 . This suggests the formation of a thin-film coating layer on the surface of
the LiFePO 4 particles. We also did not observe any diffraction peak shift for the
coated sample.
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Fig. 9.1 X-ray diffraction patterns of the (a) bare and (b) ZrO 2 coated LiFePO 4 .
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Fig. 9.2 shows scanning electron micrographs (SEM) of bare and ZrO 2 -coated
LiFePO 4 particles. General views of bare and ZrO 2 -coated LiFePO 4 are shown in
Fig. 9.2(a) and (b). It is clear that the particle sizes of both the bare and the ZrO 2 -
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Fig. 9.2. SEM images of (a), (c) bare and (b), (d) ZrO2 coated LiFePO4; element
mapping of (e) Fe, (f) Zr, and (g) corresponding EDX spectrum (based on the
particle shown in Fig 9.2 (d)).
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coated LiFePO 4 are similar, around 3-5 μm, which demonstrates that the morphology
of the LiFePO 4 was not changed by coating. Images of individual particles of bare
and ZrO 2 -coated LiFePO 4 are presented as Fig. 9.2(c) and (d). In Fig. 9.3(c), the
particle surface is smooth before coating. After coating, the surface of theLiFePO 4
becomes rough, which indicates that the ZrO 2 was successfully coated onto the
LiFePO 4 surface. Furthermore, energy dispersive X-ray (EDX) analysis was
performed on the coated LiFePO 4 powders, and the presence of the element Zr was
detected. We performed EDX elemental mapping, as shown in Fig 9.2(e) and (f),
which illustrates the good dispersion of the elements Fe and Zr. The results indicate
that Zr element was found to be homogeneously distributed on the surface of the
LiFePO 4 particles, implying that the core particles were fully coated by the ZrO 2
layer.

The microstructures of the LiFePO 4 and the ZrO 2 coated LiFePO 4 particles were
further analysed by TEM and high resolution TEM analysis. Fig. 9.3(a) shows a
TEM image of a single LiFePO 4 crystal, which has a diameter of about 300 nm. The
selected area electron diffraction (SAED) pattern of this ZrO 2 coated particle
ispresented in the corresponding inset figure and shows no diffraction spots from
ZrO 2 phase. The edge of a ZrO 2 coated LiFePO 4 particle is shown in Fig. 9.3(b),
clearly illustrating the ZrO 2 coating layer. The thickness of the coating layer is about
2–3 nm. The interplanar spacing of 0.53 nm is consistent with the standard d-spacing
of (020) planes of orthorhombic LiFePO 4 . We also performed spot EDX analysis at
the coating layer, detecting the presence of Zr and O. This confirmed the presence of
the ZrO 2 film. The consistency of the TEM and SEM observations decisively
confirmed a ZrO 2 layer that was present as acoating on the surface of the LiFePO 4
particles.
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Fig. 9.3 TEM images of ZrO2 coated material: (a) overview with SAED pattern inset; (b)
HRTEM image of the coated structure.

Cyclic voltammogram (CV) profiles of the bare and ZrO 2 coated LiFePO 4 at the
scanning rate of 0.1 mV/s are shown in Fig. 9.4. The well-defined reaction peaks of
the bare LiFePO 4 at 3.660/3.275 V are attribute to the Fe3+/Fe2+ redox couple
transformation, accompanied by lithium ion insertion/extraction into and out of the
electrode. The main Fe3+/Fe2+ redox peaks of ZrO 2 coated LiFePO 4 are located at
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3.591/3.276 V. The decrease in the redox potential separation implies that the
electrode reactivity is improved by the ZrO 2 coating.

Fig. 9.4 CV profiles of bare and ZrO2 coated LiFePO4 at the scanning rate of 0.1 mV/s.

The Nyquist plots of the bare and coated materials, measured in the fully discharged
state, are shown in Fig. 9.5. Both profiles exhibit a semicircle in the high frequency
region and a straight line in the low frequency region. The equivalent circuit fitted
from impedance data is shown as the inset of Fig. 9.5(a). In the low frequency
region, the straight beeline represents typical Warburg behaviour, which is related to
the diffusion of lithium ions in the active cathode material. The depressed semicircle
in the moderate frequency region is attributed to the charge transfer process. The
numerical value of the diameter of the semicircle on the Z re axis is approximately
equal to the charge transfer resistance (R ct ). Comparing the semicircles of the bare
and coated samples in the moderate frequency region, it is evident that the charge
transfer resistance is decreased by the coating. The ameliorated particle surface is
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more favorable for lithium ion migration and probably enhances the electrochemical
peroformance of LiFePO 4 .

The details of the lithium ion migration dynamics in the electrodes were investigated
by the impedance method [312]. The linear plots in the low frequency region are
ascribed to typical diffusion of lithium ions in the anode material. The lithium ion
diffusion coefficient could be calculated from the low frequency plots according to
the following equation:

D = R2T2/2A2n4F4C2σ2

(Eq. 9.1)

where R is the gas constant, T is the absolute temperature, A is the surface area of the
cathode, n is the number of electrons per molecule during oxidization, F is the
Faraday constant, C is the concentration of lithium ion, and σ is the Warburg factor
which is relative with Z re .

Z re = R D + R L + σω-1/2

(Eq. 9.2)

The relationship between Z re and the reciprocal square root of the angular frequency
(ω-1/2) in the low frequency region is shown in Fig. 9.5(b). The diffusion coefficients
of lithium ions in the bare and coated LiFePO 4 electrodes are 2.93×10-15 cm2/s and
4.49×10-15 cm2/s, respectively. This enhancement of the lithium diffusion coefficient
is attributed to the improvement of the electrode surface dynamics, e.g. the reduction
of charge transfer resistance.
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Fig. 9.5. (a) The Nyquist plots of bare and ZrO2 coated LiFePO4 in the frequency range
between 100 kHz and 10 mHz (inset is the fitted equivalent circuit); (b) The relationship
between Zre and ω-1/2 at low frequency.

The cyclabilities of the bare and coated LiFePO 4 at the 0.1 C and 1 C rates are
shown in Fig. 9.6(a). The capacities of both electrodes gradually increase in the
initial cycles. This is due to the incomplete dispersion of the electrolyte into the
electrode materials at the beginning. Once the LiFePO 4 particles are fully saturated
by the electrolyte, the capacity reaches the maximum value of 146 mAh/g. After 100
cycles, the capacity of the coated LiFePO 4 electrode remains at 143.4 mAh/g, which
is higher than that of the uncoated sample, 138 mAh/g. Furthermore, the capacity of
the ZrO 2 coated LiFePO 4 is significantly improved at the high charge/discharge rate.
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At the 1 C rate, the capacity of the coated electrode reaches a maximum of 97
mAh/g, and retains 94 mAh/g after 100 cycles, while the bare material only has a
maximum capacity of 90 mAh/g and retained only 82 mAh/g after 100 cycles. The
charge/discharge profiles at 0.1 C are shown in Fig. 9.6(a). Although the initial
capacity has not increased too much, the voltage plateau is lengthened for the ZrO 2
coated electrode, which should be attributed to the lower polarization of the electrode
materials during the electrochemical reaction after coating.
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Fig. 9.6 The electrochemical performance of bare and coated LiFePO 4 : (a) first
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The mechanism behind the amelioration of the electrochemical performance of the
LiFePO 4 electrodes through the oxide coating differs from that for carbon or
polymer coatings. The ZrO 2 coating mitigates the volume change of the electrode
during charge/discharge, which is similar to the effect of oxide coatings on other
cathode materials [50, 441-444]. When Li+ ions are extracted from LiFePO 4
electrode, the lattice contracts along the a and b axes, but expands along the c axis.
The volume of the orthorhombic unit cell decreases by 6.64% when it is approaching
the fully charged state (FePO 4 -) [447]. The reverse process occurs during the
discharging. Therefore, the LiFePO 4 crystals become fatigued over repeated
charge/discharge cycling, which induces decreased capacity. Since ZrO 2 has high
mechanical toughness, the coated ZrO 2 layer can effectively prevent the fatigue of
the core particles and sustain the structural stability on cycling. In particular, the
ZrO 2 coating is very effective at withstanding the rapid strain changes within the
LiFePO 4 cathode at high charge and discharge rates. AC electrochemical impedance
spectroscopy (EIS) measurements indicated that the charge transfer resistance
decreased remarkably after ZrO 2 coating. This is also evident from the flatter
charge/discharge plateaux for the ZrO 2 coated LiFePO 4 electrode (Fig. 9.6(a)). The
decrease in the interface resistance could also contribute to the enhancement of the
high rate performance. In addition, the ZrO 2 nanocoating is favorable towards
increasing the thermal stability by forming a more stable SEI layer and covering the
over-reactive sites on the particle surface to avoid probable electrolyte
decomposition [441].

9.5 Conclusion

In summary, we prepared ZrO 2 coated LiFePO 4 . HRTEM analysis confirmed that
the LiFePO 4 particles were coated with a layer of ZrO 2 . The ZrO 2 nanocoating
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increases the mechanical toughness of the core particles and decreases the interface
charge transfer resistance, and thus, remarkably enhances the electrochemical
performance of the LiFePO 4 cathode. Both the specific capacity and the cyclability
of LiFePO 4 can be effectively improved, particularly at high rate. The nanocoating
method could be a promising approach to improve the electrochemical properties of
LiFePO 4 cathode materials.
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Chapter 10
Conclusion and Outlook

10.1 General conclusion

This thesis has explored a series of methods to design nanostructured materials for
lithium ion batteries. Various chemical methods, such as soft template, hard
template, sol-gel, and precipitation, were carried out to prepare desirable
nanostructured materials. Novel nano-structures such as 1-dimensional (nanorods,
nanowires), ordered mesoporous structures (hexagonal, cubic), and core-shell
structures (carbon or ZrO 2 layer as shell) were successfully prepared. The unique
nanostructures were examined by different physical characterizations, and the
electrochemical properties were measured to evaluate the performance of these
materials as electrode materials for lithium ion batteries.

10.1.1 One-dimensional Fe 2 O 3 materials as anodes for lithium ion batteries

One-dimensional iron oxides in such forms as nanorods and nanowires were
successfully prepared by the hydrothermal method. Different structure directing
agents (urea and nitrilotriacetic acid) were used to synthesize iron oxide precursors
with different morphologies. After calcination at high temperature in air, the
precursors were converted to alpha-phase Fe 2 O 3 . The one-dimensional Fe 2 O 3
materials exhibited excellent electrochemical performance as anode electrodes for
lithium ion batteries. For the nanorod Fe 2 O 3 , the initial capacity is 1332 mAh/g.
After 30 cycles, the discharge capacity is 763 mAh/g, which is 57.3% capacity
retention compared to the initial capacity. For the polycrystalline Fe 2 O 3 nanowires,
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the discharge capacity after 50 cycles is 811 mAh/g. Both nanorods and nanowires
present better electrochemical performance than the commercial graphite anode
material and commercial Fe 2 O 3 . The improvements in the one-dimensional iron
oxides as anodes are contributed by the unique advantages of nanomaterials for
lithium ion batteries, such as short pathways for lithium ion diffusion, high reactive
dynamics for lithium ion intercalation, and high contact area of electrode/electrolyte
interface.

10.1.2 Ordered mesoporous materials as anodes for lithium ion batteries

Highly ordered mesoporous structured materials were prepared from mesoporous
silica templates. By this nanocasting method, 2-dimensional hexagonal and 3dimensional cubic metal oxides can be synthesized. The microstructures of the
highly ordered mesoporous structure materials were confirmed by small angle XRD,
TEM, and BET instrumental methods. The as-prepared mesoporous metal oxides
(such as Co 3 O 4 and NiO) have a uniform pore size distribution and nanoscale wall
thickness. The mesopores can act as tunnels for electrolyte inflow, ensuring a high
contact surface area between the electrode and electrolyte. The nanosize wall
thickness ensures short pathways for lithium ion diffusion.

Co 3 O 4 materials with 2-dimensional hexagonal and 3-dimensional cubic mesoporous
structure were obtained from SBA-15 and KIT-6 silica templates. Both types were
applied as anode materials for lithium batteries. The hexagonal Co 3 O 4 electrode
exhibits an initial discharge capacity of 1420 mAh/g. After 100 cycles, the capacity
is only 710 mAh/g, which is 50% capacity retention compared to the initial cycle. In
contrast, the initial discharge capacity of the cubic Co 3 O 4 replica was 1760 mAh/g at
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the testing current of 50 mA/g. After 100 cycles, the discharge capacity is still above
1200 mAh/g. Mesoporous Co 3 O 4 electrode exhibited a capacity higher than the
theoretical capacity of Co 3 O 4 (890 mAh/g). The nanostructured materials exhibit a
capacity that exceeds the theoretical value for the conversion reaction, which even
increases for the first 20 cycles; this has been attributed to the increasing formation
of a polymeric surface layer on these high surface area materials, which contributes
to charge storage.

Mesoporous cubic NiO was also prepared from the KIT-6 template. The pore size
distribution is narrow and centered at the value of 3.48 nm. The surface area is as
high as 96 m2/g, ensuring a high electrode/electrolyte contact area. The discharge
capacity after 50 cycles is 680 mAh/g, which is much higher than that of the
commercial bulk NiO (188 mAh/g). At the high charge/discharge rate of 2 C, the
discharge capacity of mesoporous NiO is 515 mAh/g with good retention. In
contrast, the commercial NiO shows very low capacity (~30 mAh/g) at 2 C. These
electrochemical enhancements can be attributed to the low activation energy of
mesostructured NiO. From a calculation based on the electrochemical impedance
method, the activation energies of mesoporous and commercial bulk NiO materials
are 20.75 and 45.02 kJ/mol. The mesoporous NiO with lower activation energy has
high lithium ion diffusion dynamics, which is beneficial to achieve excellent
electrochemical properties.

10.1.3 Novel core-shell structure for lithium ion batteries

A novel core-shell structure Fe 3 O 4 /C composite was prepared by using Fe 2 O 3
nanorod precursor and citric acid as the carbon source. The citric acid was coated on
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the surface of the Fe 2 O 3 and converted to carbon by high temperature calcination.
Simultaneously, the Fe 2 O 3 was reduced to Fe 3 O 4 by the citric acid and carbon,
which acted as reduction agents. The carbon layer can enhance the conductivity and
protect the electrode materials in a similar way to an SEI layer. For this Fe 3 O 4 /C
anode, the discharge capacity after 100 cycles was maintained at 394 mAh/g, which
is higher than that of the commercial graphite material (372 mAh/g).

10.1.4 ZrO 2 coated LiFePO 4 as high performance cathode material

ZrO 2 coated LiFePO 4 particles were successfully prepared by the chemical
precipitation method. A nanolayer structure of ZrO 2 was found on the surface of the
LiFePO 4 by high resolution transmission electron microscopy (HRTEM). After
coating, better long term performance was achieved. In addition, the ZrO 2 coating
can remarkably improve the electrochemical performance at high charge/discharge
rates. At the 1C rate, the capacity of the coated electrode reached a maximum of 97
mAh/g and retained 94 mAh/g after 100 cycles, while the bare material only had a
maximum capacity of 90 mAh/g and retained only 82 mAh/g after 100 cycles. This
improvement may be due to the amelioration by the ZrO 2 coating of the
electrochemical dynamics on the LiFePO 4 electrode/electrolyte interface. The
voltage plateau is lengthened for the ZrO 2 coated electrode, which should be
attributed to the lower degree of polarization of the electrode materials during the
electrochemical reaction after coating. The CV and EIS results demonstrate that the
reversibility was improved and the charge transfer resistance was decreased after
coating.

10.2 Outlook
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In this thesis, the main experimental work was focused on synthesis of
nanostructured materials and their application in lithium ion abtteries. All the results
shown in this dissertation only reveal the tip of the iceberg. They can be further
extended and discussed in many aspects.

(I.) For one-dimensional Fe 2 O 3 materials, the results demonstrate that nanostructure
is beneficial to achieve high performance in lithium ion batteries. What about other
nanostructured Fe 2 O 3 ? How about nanosheets, nanoribbons, etc.? (II.) For ordered
mesoporous structured materials, the pores and the nanoscale walls are both
beneficial to achieve high performance. How do they affect the performance
independently? What is the optimum pore size or wall thickness for high quality
electrodes? (III.) For the coated materials, what is the optimum thickness or the best
weight percentage of the coating layer? Is there any other species that can act as
coating layers with high performance besides carbon and ZrO 2 ? All these issues are
worthy of investigation. However, the answers to these questions can not found in
this thesis now, although answers might appear in the future.

The main points of this thesis are focused on one-dimensional, mesoporous
structures and coating modified materials. All of them have their own advantages.
Let’s consider this a bit further. Can we combine these factors together to explore
novel materials with hierarchical structure to achieve outstanding electrochemical
performance? The answer is definitely positive. The following aspects may have
innovative novelty for designing materials.

I. The mesoporous structure materials with different shapes, such as nanorods,
nanowires, spheres, and thin film, can be synthesized and evaluated as electrodes
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for lithium ion batteries.
II. Because of the scaffold-like structure, the mesoporous materials can act as hosts
for other materials. The target materials can be impregnated into pores by
nanocasting, and the volume change during charge/discharge can be suppressed
by the protection of walls.
III. When solid layers are formed in core-shell structure, the electrolyte may not
easily achieve contact with the core species. By using the mesoporous materials
as a buffer layer, the electrolyte can make effective contact with the active
material. Furthermore, the pores in the mesoporous structure can provide space
for volume change during charge/discharge.

However, the research in the laboratory is only the first step for final
commercialization. For lithium ion batteries, there are many requirements for a
suitable electrode material. With the development of electrochemistry and
technology in lithium ion batteries, there is no doubt that the next generation Li-ion
batteries will be in the forefront of the energy storage field and lead to significant
improvement in our daily lives.
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Fig. 2.1

Schematic diagram of a “(lithium ion) rocking- chair” cell that employs

7

graphitic carbon as anode and layered lithium cobalt oxide as cathode.
The undergoing electrochemical process is lithium ion deintercalation
from the graphene structure of the anode and simultaneous intercalation
into the layered structure of the cathode [11].

Fig. 2.2

Schematic diagram of the layered LiCoO 2 structure [29]

17

Fig. 2.3

a) The formation of a monoclinic phase with non-uniform lattice

21

constant expansion (~2.6%) in bare LiCoO 2 during charging (Li
deintercalation), and b) the suppression of phase transition from
hexagonal to monoclinic phase by a fracture-toughened thin-film metaloxide coating [50].

Fig. 2.4

Crystal structure of LiNiO 2 [54]. The thick lines reveal the primitive unit

22

cell in the hexagonal structure. The dashed thick lines outline the
monoclinic unit cell. The volume of the monoclinic unit cell is twice the
volume of the hexagonal unit cell. The c-axis (labelled c') and the special
angle used by Ohzuku et al. [55] are also shown.

Fig. 2.5

Schematic diagram of the spinel LiMn 2 O 4 structure.

24

Fig. 2.6

Schematic diagram of the crystal structure of olivine FePO 4 (left) and

28

LiFePO 4 (right).

Fig. 2.7

Schematic representation of the motion of the LiFePO 4 /FePO 4 interface

29

on lithium insertion into a particle of FePO 4 [89].

Fig. 2.8

Schematic diagram of structure of LiC 6 . Top left: schematic drawing

36

shows the AA layer stacking sequence and the AA interlayer ordering of
the intercalated lithium. Top right: simplified representation after
intercalation. Bottom: Vertical view of the basal plane of LiC 6 [148].

Fig. 2.9

Stage formation during electrochemical intercalation of lithium into
graphite. Left: schematic galvanostatic curve. Right: schematic
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voltammetric curve. [148, 154].

Fig. 2.10

Schematic illustration of the SEI formation mechanism via the

38

decomposition of Li(solv) x C y ..

Fig. 2.11

Schematic image of a graphene layer.

41

Fig. 2.12

Atomic model of LiC 3 graphene. Top: top view; bottom: side view[196].

43

Fig. 2.13

Schematic views of the synthesis of mesoporous Si nanowires and

46

nanotubes using SBA-15 and Al 2 O 3 templates [198].

Fig. 2.14

SEM images of surface structure of single layer separators: (a)

61

polypropylene and (b) polyethylene [287].

Fig. 2.15

Capacity retention for mesoporous β-MnO2 cycled at a) 15, b) 30, and

64

c) 300 mA/g; d) bulk b-MnO2 cycled at 15 mA/g (Inset is the TEM
image of mesoporous β-MnO2)

Fig. 3.1

The framework of the research strategy in this thesis.

65

Fig. 3.2

Photograph of an autoclave, including a Teflon vessel and a stainless

67

steel protector.

Fig. 3.3

Schematic drawing of the structure replication concept [302].

68

Fig. 3.4

Schematic configuration of SEM.

73

Fig. 3.5

Schematic figure of optical components in a basic TEM

75

Fig. 3.6

Schematic diagram of Raman spectroscopy working mechanism.

78

Fig. 3.7

Cross-section of a 2032-type cell.

81

Fig. 4.1

X-ray diffraction pattern of the α-Fe 2 O 3 nanorods compared with

91

commercial powders.

Fig. 4.2

SEM images of the (a) commercial Fe 2 O 3 and (b) α-Fe 2 O 3 nanorods.

92

Fig. 4.3

TEM images of Fe 2 O 3 nanorods: (a) low magnification view, (b) high

93

resolution TEM. image.

Fig. 4.4

(a) Cyclic voltammograms of microcrystalline Fe 2 O 3 powder electrode
for first 3 cycles. (b) Corresponding CV curves of Fe 2 O 3 nanorod
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electrode. Scanning rate: 0.1 mV/s in the range of 0.01 - 3.0 V.

Fig. 4.5

Nyquist plots of ac impedance spectra in the frequency range between

95

100 kHz and 10 mHz. (Fresh cells were used, with measurements in the

open circuit state.)
Fig. 4.6

The relationship between Z re and -1/2 at low frequency. (black blocks:

97

commercial; red dots: nanorods ).

Fig. 4.7

(a) First cycle charge/discharge profiles of commercial Fe 2 O 3 powder

98

and Fe 2 O 3 nanorod electrodes with 20%, 30%, and 40% conductive
carbon

content.

(b)

Electrochemical

cycling

performance

of

microcrystalline Fe 2 O 3 powder and nanorod electrodes containing
different weight percentages of carbon additive as anodes in lithium-ion
cells (charge/discharge rate: 0.1C).

Fig. 5.1

X-ray diffraction patterns of alpha phase iron oxide nanowires and

105

commercial bulk powder.

Fig, 5.2

FTGA and DTA curves of FeNTA precursor nanowires.

107

Fig, 5.3

FESEM images of Fe 2 O 3 nanowires and precursors: (a) and (b) FESEM

108

images of Fe 2 O 3 nanowire precursors at different magnifications. (c)
and (d) FESEM images of Fe 2 O 3 nanowires after sintering with different
magnifications.

Fig. 5.4

TEM images of (a) precursor at low magnification; (b) precursor at high

110

magnification, which shows an amorphous form; (c) Fe 2 O 3 nanowires at
low magnification (inset:SAED pattern); (d) individual Fe 2 O 3 nanowire
at high magnification (inset is the HR TEM image, which shows the fine
crystal lattice structure of the Fe 2 O 3 nanowire).

Fig, 5.5

CV curves for the first 3 cycles of the Fe 2 O 3 nanowires as anode in

111

lithium ion cell.

Fig, 5.6

(a )The charge/discharge performance of the Fe 2 O 3 nanowires. The

113

inset on the upper right shows the first cycle charge/discharge profiles.
(black:discharge; red: charge) (b) The coulombic efficiency up to 50
cycles.

Fig. 6.1

Characterizations of KIT-6 and SBA-15 silica templates: (a) SAXRD
pattern of KIT-6 (inset is a TEM image of 3-dimensional cubic KIT-6).
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(b) SAXRD pattern of SBA-15 (inset is a TEM image of 2-dimensional
hexagonal SBA-15). Nitrogen isotherms and corresponding (inset) pore
size distributions of (c) KIT-6 and (d) SBA-15.

Fig. 6.2

SAXRD patterns of (a) Co 3 O 4 -KIT and (b) Co 3 O 4 -SBA replicas. Inset

122

figures are their large angle XRD patterns.

Fig. 6.3

N 2 sorption isotherms of mesoporous Co 3 O 4 : (a) KIT-6 type, (b) SBA-15

123

type. The insets are pore size distribution curves.

Fig. 6.4

(a) Low magnification TEM image of mesoporous Co 3 O 4 -KIT, in which

125

the inset is the corresponding SAED pattern. (b) High magnification
TEM image of mesoporous Co 3 O 4 -KIT, showing highly ordered
mesopores. (c) and (d) HRTEM images show the lattices of the
crystalline walls of mesoporous Co 3 O 4 -KIT.

Fig. 6.5

(a) Typical TEM image of mesoporous Co 3 O 4 -SBA nanowires. (b) SAED

126

pattern of a nanowire bundle, showing the polycrystalline nature of the
nanowires. (c) High magnification TEM image of a mesoporous Co 3 O 4 SBA nanowire bundle. The inset is the corresponding FFT pattern. (d)
HRTEM image of the mesoporous Co 3 O 4 -SBA nanowire structure.

Fig. 6.6

(a) Cyclic voltammograms of the mesoporous Co 3 O 4 -KIT electrode. (b)

127

Discharge and charge profiles of the mesoporous Co 3 O 4 -KIT electrode.
(c) Cycling performance of the Co 3 O 4 -KIT electrodes obtained at
different operating currents (50, 150, 200, and 300 mA/g).

Fig. 6.7

(a) Cyclic voltammograms of the mesoporous Co 3 O 4 -SBA nanowires in

129

lithium-ion cells. (b) Discharge and charge profiles of the mesoporous
Co 3 O 4 -SBA nanowire electrode. The inset is the discharge capacity vs.
cycle number.

Fig. 7.1

The small angle and wide angle (inset) X-ray diffraction patterns of the

137

mesoporous NiO.

Fig. 7.2

The nitrogen sorption isotherms of (a) KIT-6 template and (b)

139

mesoporous NiO. The insets are their pore size distribution curves.

Fig. 7.3

The transmission electron microscope images of the mesoporous NiO at
different magnifications: (a) Low magnification view of mesostructured
NiO particles. The left-top inset is the corresponding selected area
electron diffraction pattern. (b) The highly ordered mesoporous
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structure observed at a magnification of 20000. TEM images of highly
ordered mesoporous NiO along the (c) [100] and (d) [111] directions.
(e) High resolution TEM image of crystal lattice structure of mesoporous
NiO.

Fig. 7.4

(a) Discharge/charge profile of mesoporous NiO electrode for the first

142

cycle. The voltage stages for such cells, where the letters a to h denote
the different lithiation states of the electrode materials for the
corresponding ex-situ X-ray patterns, are indicated. (b) Ex-situ X-ray
diffraction patterns collected at various charge and discharge states of
NiO/Li electrochemical cells.

Fig. 7.5

Cyclic voltammograms for the first 3 cycles for (a) bulk NiO and (b)

144

mesoporous NiO.

Fig. 7.6

(a) Nyquist plots of bulk and mesoporous NiO in the frequency range

146

between 100k and 10m Hz at room temperature. Electrochemical
impedance spectra (EIS) for the cells made from (b) bulk NiO and (c)
mesoporous NiO at different temperatures of 35, 40, 45,C.
50 (d)
Arrhenius plots of log i 0 versus 1/T for the electrodes made fromfbulk
and mesoporous NiO.

Fig. 7.7

Electrochemical performance of bulk (black solid squares) and

148

mesoporous (red solid dots) NiO, and their corresponding coulombic
efficiencies (black hollow squares for bulk and red hollow dots for
mesoporous NiO).

Fig. 7.8

The electrochemical performance of mesoporous and bulk NiO at rates

149

of 0.1, 0.2, 0.5, 1, and 2C, followed by a return to 0.5 and 0.1C step by
step.

Fig. 8.1

TGA and DTA curves of citric acid.

156

Fig. 8.2

X-ray diffraction patterns of the precursor α-Fe 2 O 3 and the Fe 3 O 4 /C

158

core-shell nanorods.

Fig. 8.3

(a) Low magnification TEM image of the carbon coated Fe 3 O 4 /C coreshell nanorods. The inset is the corresponding selected area electron
diffraction (SAED) pattern. (b) High magnification TEM image of a
single Fe 3 O 4 /C core-shell nanorod, showing the carbon coating. (c)
HRTEM image of the edge of a Fe 3 O 4 /C core-shell nanorod, in which
the Fe 3 O 4 lattice and amorphous carbon layer can be clearly resolved.
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Fig. 8.4

(a) Cyclic voltammetry (CV) curves of Fe 3 O 4 /C core-shell nanorods for

160

the first 3 cycles. (Scanning rate: 0.1 mV/s in the range of 0.01 - 3.0 V).
(b) Nyquist plots of ac impedance spectra in the frequency range
between 100 kHz and 10 mHz (measured in the open circuit state).

Fig. 8.5

The electrochemical cycling performance of Fe 3 O 4 /C core-shell

162

nanorods at the charge/discharge rate of 0.1 C. (Inset: First cycle
charge/discharge profiles of the Fe 3 O 4 /C composite).

Fig. 9.1

X-ray diffraction patterns of the (a) bare and (b) ZrO 2 coated LiFePO 4

167

Fig. 9.2

SEM images of (a), (c) bare and (b), (d) ZrO 2 coated LiFePO 4 ; element

168

mapping of (e) Fe, (f) Zr, and (g) corresponding EDX spectrum (based
on the particle shown in Fig 9.2 (d)).

Fig. 9.3

TEM images of ZrO 2 coated material: (a) overview with SAED pattern

170

inset; (b) HRTEM image of the coated structure.

Fig. 9.4

CV profiles of bare and ZrO 2 coated LiFePO 4 at the scanning rate of

171

0.1 mV/s.

Fig. 9.5

(a) The Nyquist plots of bare and ZrO 2 coated LiFePO 4 in the

173

frequency range between 100 kHz and 10 mHz (inset is the fitted
equivalent circuit); (b) The relationship between Z re and -1/2 at low
frequency.

Fig. 9.6

The electrochemical performance of bare and coated LiFePO 4 : (a) first
charge/discharge cycle at 0.1 C; (b) capacity retention after 100 cycles
at 0.1 C and 1 C.
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Table 2.4 Properties of general separators for lithium ion batteries [287].
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Table 6.1 Physical properties of different templates and their Co 3 O 4 replicas.
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Symbols

Name

Unit

τ

Characteristic time

s

L

Diffusion length

m

Lithium-ion diffusion coefficient

m2 s-1

Voltages at open circuit

V

μC

Fermi energies of the cathode

eV

μA

Fermi energies of the anode

eV

e

Electronic charge

C

Eg

Band gap

V

ΔG

Gibbs free energy

J

ΔG°

Standard Gibbs free energy

J

ΔH

Enthalpy

J

ΔH°

Standard enthaply

J

ΔS

Entropy

J K-1

ΔS°

Standard entropy

J K-1

T

Temperature

°C or K

n

Number of electrons transfer

None

F

Faraday constant

C

E

Voltage

V

E°

Voltage at standard state

V

R

Gas constant

J mol-1 K-1

AP

Activity product of the products

(mol L-1) n

AR

Activity product of the reactants

(mol L-1) n

g

Grams of material transformed

g

I

Current flow

A

t

Time

s

ET

Practical cell terminal voltage

V

q

The heat

J

η

Polarization

V

D Li
V OC (E OCV )
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Symbols

Name

Unit

i

Current density

A m-2

io

Exchange current density

A m-2

ko

Reaction rate constant

None

α

Transfer coefficient

None

a

Constant

None

b

Constant

None

R

Resistance

Ohm (Ω)

C

Concentration at the electrode surface

mol L-1

Co

Concentration in the bulk of the solution

mol L-1

a, b, c

Lattice paramters

Å

σ Li+

Ionic conductivity

S cm-2

d

Density

g cm-3

σe

electronic conductivity

S cm-2

λ

Wavelength

nm

d

Interplanar distance

nm

θ

Bragg angle

o

k

Shape factor

None

β

Half-peak width

rad

P

Pressure

Pa

P0

Standard pressure

Pa

E pc

Potential of reduction peak

V

E pa

Potential of oxidation peak

V

L

Camera length

cm

R ct

charge transfer resistance

Ω

Z re

real resistance

Ω

Z im

imaginary resistance

Ω
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